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INTKODIJCJTION 

Although the question of seeuring tlie best rootstocks to use in 
citrus proiJagation luis for inany years attracted the attention of 
growers, ex i)eri mentation on tlie subject has be(*n very limited. The 
earliest general publication on citrus stocks in America, that oF Van 
Deman (1891), is a summary of the observations and studies made on 
groves in Florida and is not based on comi)arative experiments. Mills 
(1902) has descril)ed tlie results of certain ex|)eriments conducted by 
the California Experiment Station at Pomona, California ; and Bonus 
and Mertz (1916), the results of a series of comparative expei’inients 
made at the Citrus Experiment Station at Riverside. 

A carefully planned and executed experiment was also carried out 
for a limited time by Talxn* (1904) at Glen St. Mary, Florida, with 
certain varieties propagated on Trifoliate orange, sour orange, and 
sweet orange. The experiment was designed ])rimari]y to determine 
the conquirative value of the cold -resistant Trifoliate orange as a 
stock. 

As a result of these studies and experiments and oF the cumula- 
tive understanding of growers deidved from long experience, certain 
stocks have come to be commonly used, and suc(*ess in general has 
been achieved with them. It is well recognized, however, that the 
j)roblems connected with rootstocks are poorly understood, and there 
is little evidence to justify a conclusion that the species and varieties 
now used as stocks are the best available. A fair appreciation of the 
value of sour orange, sweet orange, lemon, grapefruit, and certain 
other species as stocks has l)(*en acquired, but until recently no 
attention has been directed to variations within tht^se species and the 
influence of such variations on the fruit or scion variety. Until 
recently this was also tlie case in the propagation of all other 
commercial fruits, such as the apple and pear. 

The exiieriments hcJ’ein reported, which were started in 1914 
(Webber, 1919 and 1920), resulted in directing attention to the great 
variability among seedlings of the same species or stock type, and to 
the probable influence of such variation on the uniformity of the 
orchard trees x>i*oduced. The present x)ai)er will outline the results 
obtained with these experiments ux) to the present time, and will dis- 
cuss briefly the influence that the findings may have in improving 
nursery methods in the future. 
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It has been claimed for certain fruits, sindi a.s the apple (Swar- 
brick and Koberts, 11)27; and liobcrts, 1921)), tliat the scion variety 
dominates th(‘ scion-stock comi)ination, determining the character and 
form of tlie root prcxluced. Jt is to be re^rettetl that no thoroup:h 
study of this point has as yet Ixam made with citrus, owing: largely to 
the almost universal practice of '‘bailing” nursery trees in trans- 
planting, a |)ractice which does not j)ermit an examination of the 
roots. In such trees as liave been examined nothing has been observed 
to indicate that the scion has any material effect in changing the 
characteristic brancliing of the root, whether budded low or high. 
As an illustration, the examination of a considerable number of 
orcliard trees of all ages fi*om 6 to 75 yeai’S, that has been made 
from time to time, has shown (conclusively that tiie tendency of the 
sour orange to form a distinct taproot is not visibly modified by the 
scion variety; and that tlie sweet orange, which normally shows a weak 
tai>r(K)t development, exhibits this character when used as a stock, 
j'egardless of the sdon variety. Of course it is tru(» that some other 
scion variety than tliose obser\'(‘d miglit exert a profound influence on 
the stock, and ('ardifl studies may show influences that are not now 
sus[)(‘cted. 

The writer's ol)ser\ ations, though limited in extent, apparently 
eonfirm 11 h‘ results ol)taim‘d by Amos, Hatton, lloblyn, and Knight 
(1920), and Vyvyan f l9M)) in their studies of the effect of scion on 
root in ap|)les, where the roots of the stock type were found to retain 
their (‘haraeteristic brancliing regardless of the scion variety used or 
the lieight of the insertion of the scion. The size of the root, however, 
was distinctly influenced, and tliis is also the case with citrus. 

The writer has observed numerous cases where the size of the root 
system was doubled or (juadru])led by the reaction of different scions. 
Very remarkable influences of this sort have also been recorded in 
several stiouic eomliinations in citrus by Hrown (1920) in India. 

Kecently in cx|)eriments with the Trifoliate orange used as a stock 
wit!) various orange, mandarin, lemon, and gra}>efniit varieties, 
Tanalca (1991) h<is described ceiTain influences on the stock caused 
l\v the scion variety. He states “Generally speaking tlie subterranean 
fiart of sweet-orange top is deep rooted (bramdies narrow angled), 
while that of lemon top is shallow rooted (branches broad angled). 
The color of Trifoliate root used for the lemon stock shows lighter 
coloration than when other scions are employed for the top.” 

The evidence presented in this paper also points to the conclusion 
that the size and vigor of the orchard tree is considerably influenced 
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by the character ot the seedling used as a stoeJs:, and apparently jus- 
tifies the adoption of some method of stock selection. 

That more complex influences also occur is shown by the reaction 
on the normal soluble magnesium content in the ash of the bark of the 
stock as effected by that of the scion. Citrus species differ in the nor- 
mal magnesium content in the bark, and a normally high-magnesium- 
content scion has been shown to increase that of a low-content stock, 
while a normal low-magnesium content of the scion type tends to 
depress that of a high-content stock (Haas and Halma, 1929). 

The writer’s studies and experiments have revealed many cases 
where there is a mutual influence between the stock and scion. It is 
clear that these influences require study to determine the extent of 
the influence for each variety and stock combination, in order that 
orchards may be planneii on a safe and sure foundation. 

The influence of the stock on the scion, and vice veim, may in 
general be considered as similar to an environmental reaction Each 
of the two distinct portions of the tree retains its individual or genetic 
characteristics, but these may be modified in exi)ression by the (dianged 
stionic conditions, much as they might be modified by a change of 
environment. These changes are usually quantitative variations such 
as changes in size of plant or fruit, size of crop, longevity, and density 
of color. The characters that are changed by the reactions between 
stock and scion, for simplicity of expression are here designated as 
stionic variations or stionic reactions.^ 

The present paper deals mainly with the stionic reactions caused 
by the use of seedling stocks of the same spe(‘ies but of different sizes 
and types. An attempt is made to answer the following questions: 
(1) Do all seedlings of the same species or even of the same variety, 
when budded with the same fruit variety, produce orcdiard trees of 
standard size and character? (2) If not, is there any means of segre- 
gating the good seedlings from the bad ? 

^ For tlie sake of clarity and brevity in this discussion, several new words 
coined by the writer are introduced, which require explanation : 

Stionr^hXiY plant or tree composed of a stock and scion growing in eombiaa- 
tion. This term is used regardless of the method employed in propagation, i.e., 
budding, grafting, inarching, etc. It is formed by combining the hrst two letters 
of the word atodk with the last three letters of smon, 

Stionic — ^pertaining to a stion. 

Stionu) vari-aftioiv — a variation caused by the reaction between stock and scion. 

B'udlmg — a young, budded nursery tree. 
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EXPERIMENTAL METHODS AND MATERIALS 

In the several experiments to be reported here, care was used to 
treat the plants in each experiment as uniformly as possible in order 
to reduce the variation to a minimum, except as caused by the different 
stocks used. 

Considerable doubt existed in the beginning as to what records 
should be made that would best indicate tree size at various stages of 
growth. The size measurements of the seedlings used were diameter 
or circumference of trunk taken 3 to 4 inches above the ground, and 
the greatest height attained by the plant. No feasible method of meas- 
uring the top volume of a small seedling was found. It may be 
worthy of note liere that it has since been reg^retted that the weight of 
the top of each seedling was not recorded when the top was cut off to 
force the bud, for such weights would ]>robably have been very 
accurate indicators of the comparative size of the nursery trees. 

The same measurements which WTre taken for the seedlings were 
also taken for the budlings, namely, diameter or circumference of 
trunk, and maximum height. The diameter or circumference of the 
stock was taken at the smallest point between the soil and the bud 
union, and that of the scion trunk at a point 2 inches above the bud, 
unless otherwise stated. These mea.suremeiits of the budded nursery 
trees w'cre made in the early spring immediately ])reeeding the trans- 
planting of the budlings to the orchard, and were thus the measure- 
ments for the 1-year-old nursery trees. The height measurements of 
citrus tiunsery trees, whether of the seedlings or of the budlings, have 
been found in most eases to be a very poor indicator of size and thus 
have not been uschI in this paper. 

The size and vigor of the orchard trees were judged by trunk size 
as indicated by circumference measurements, volume of top, and total 
yields of fruit. The trunk size was determined by cireumferenee meas- 
urements of the stock trunk at the smallest point between the soil and 
the bud union, and that of the scion trunk by circumference measure- 
ments at a point between 4 and 6 inches above the bud union. The 
top volume was determined by the use of a fumigation tent placed over 
the tree; the measurements were carefully recoi'ded and the volume 
obtained by the Woglum formula (Woglum, 1909, p. 25). The yield 
of each tree under experiment is determined by iveighing the fruit in 
the field and is recorded each year in pounds per tree. 
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In the statistical calculations, area of trunk cross section is used 
rattier than diaraeter or cireumference, and is of course obtained 
from the diameter or circumference records. Such measurements 
have been taken uniformly in centimeters and square centimeters, 
while volume measurements have been taken in cubic feet, and the 
yields in pounds. As all students are familiar with both systems of 
weights and measures, it has not seemed worth while to transpose the 
figures into a uniform system. 

In the discussion presented here the nomenclature used is that 
prevalent in citrus sections of the United States and is based on that 
given by W. T. Swingle in Bailey’s Standard Cydopedia of Horticul- 
ture. The common names of the species are used mostly and if a 
special variety is used its generally recognized name is given. The 
following are the principal common names used with tlieir (K|i:iivaleut 
botanical names: sw^eet orange {Citrus sinensis Osbeck) ; sour orange 
(C. aurontium Linn.) ; grapefruit (G. maxima Merrill) ; Rough lemon 
(variety of C. limonki Osbeck); Trifoliate orange {Fmicirus tri- 
foliata Raf.). 


VARIATION, APOOAMY, AND POLYEMBRYONY IN CITRUS 

Before proceeding to the discussion of the experiments it w’ill 
probably clarify the problems involved to discuss the nature of the 
variation occurring among citrus seedlings and the influence that is 
introduced by the very general oeeuiTeneo of the phenomena of 
apogamy and polyembryony. 

Variations Among Nursery Seedlings 

During the last 40 years, the sour orange has been more extensively 
used as a rootstock in California, Florida, and Mediterranean eouii- 
tries than any other Citrus species, and therefore, the study of varia- 
tions in the seedlings of this species is of particular interest from the 
stock standpoint In 1915, at an early stage in the present investiga- 
tions, the examination of a commercial nursery near Whittier, 
California, of sour-orange seedlings which were of the size and age 
for budding revealed the y)resence of what appeared to be a consider- 
able number of different typi>s. All apparently \vere sour-orange 
sf^edlings but certain individuals exhibited different eharaeters of 
size, foliage, branching, and general habit from the prevailing and 
apparently normal type exhibited by the other seedlings in the same 
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nursery. About 25 different seedlings that seemed to vary in some 
morphological character from the general type were chosen for study, 
and buds were taken from each to propagate and test the type. At 
the same time one particularly large and vigorous seedling of an 
apparently normal type was also selected for comparison. Two trees 
of each of the types chosen were propagated on Rough-lemon stocks. 
The biidlings of these were grown at the Citrus Experiment Station 
and in the spring of 1917 were planted in a row in the experimental 
orchard (held I, block A, row 16) adjacent to the experimental rows 
of large, medium, and small trees described in the following section. 

The trees propagated from these variaTit"’ seedlings wliich in the 
nursery had not appeared to b(^ very widely different from each other 
or from the normal type of the sour orange, as they grew old(»r exhib- 
ited markedly different characters in size, branching, foliage, and 
fruits. The trees are now 15 years old (17 years from the bud) and 
they still retain in e(pial degree their characteristic differences as 
described in earlier publications (Webber, 1920 and 192()a). Several 
of the trees are verital)le dwarfs, the tops at 15 years of age being 
only about 4 feet high, densely branched, and ‘'scrubby’’ in ai)pear- 
ance, while others are of various sizes u{) to nearly standard (fig. 1). 
Some were so weak and al)erraTit that they lived a few months only. 
The setHlling that was ehosen as representing wliat a|>i)eared to be a 
good standard of the prevailing or normal type in the nnrsf^ry was 
l)ropagated and grown along with tlie others. It proved to be a 
vigorous grower and is to he considered as rof)reseutiug an excellent 
strain of th(‘ sour orange.'’ 

The range of differences iii branching, foliage, and fruit charac- 
ters exldbited by the trees propagated from these variant seerlliugs is 
in some cases as great as that found between diverse species of Citrvs, 
and yet all were taken from one comparatively small sour-oraiige 
nursery and were aj)j>arently direct derivatives from the sour orange. 

The examination of other orange nur.series in various parts of the 
state demonstrated the fact that similar variations among the seedlings 
occuri’ed commonly. The variatioirs were present in about equal mum 
hers in every sour-orange nursery examined and what appeared to be 

5 Tho term ^S*ariant'^ is used bere to designate any seedling that is different 
from the normal or ordinary type in a certain progeny, in any ensily recognizable 
(diaracter. 

"’In later experiments, .seedlings from one tree of this strain or cion have been 
uaed as representing a selected standard strain of the sour orange. ^ ^ Standard 
has become a varietal name for this cion of the sour orange, as a result of the 
continuous use of the term. 
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Fig- 1* Types of sour orange propagated from variant seedlings found in 
nursery at Whittier, California. A, selected normal type, the standard; medium 
large size, spreading top; C, medium size, no oil glands; />, erect columnar top, 
long narrow leaves; F, small weak type; F, extreme dwarf hut still living. All 
are 15 years old from date of setting in orchard and are on Itough-lemon stocks* 
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similar variants were also found among nursery seedlings of the sweet 
orange, grapefruit, and Rough lemon. 

In most nurseries, at the time these preliminary observations were 
being made, such seedlings as were deemed too small when the first 
budding was done were left and budded later when they had reached 
the proper size. Budlings that were too small when the main lot wms 
dug and sold were held an extra year or more until they reached sala- 
ble size. Could it be that these small seedlings, which apparently 
are mainly vaT iantvS, would produce equally good orchard trees when 
budded with good standard fruit varieties, or might it be that the 
poorly growing trees that were to he found in many orchards were 
inadvertently proi)agated on such variant seedling stocks? No experi- 
ments had been made to determine what influence such variant types 
of seedlings had on the scion, and this was evidently an important 
point to determine. Exf)erimental data obtained from tests of such 
seedlings will be given in a later section of this paper. 


Apooamv and Poi/vem bryony 

Of even greater importance than the occurrence of these variants 
was the fact that a large proportion of the seedlings growm in any 
nursery from seed derived from the same source, presented a prevail- 
ing dominant type that was usually exhibited by from 60 to 90 per 
cent of the total population. The occurrence of this dominant type in 
such a large proportion of the seedlings is evidently due to the pre- 
valence of apogamic reproduction in the various Citriu^ species and 
varieties. 

In the great majority of plants, seed production is from necessity 
preceded by the pollination of the stigma followed by the fecundation 
of the single egg ceil and the development of a single eunbryo from the 
egg cell The various species and varieties of citrus, however, have 
evolved the ability, through means of the phenomenon termed 
‘ ' apogamy, ^ to produce viable embryos in the seed w^hich have no 
direct relation to the regular egg apparatus and fecundation. 

According to the investigations of Strasburger (1878) and Osawa 
(1912), this is accomplished by the specialization of certain cells or 
groups of celLs in the body of the ovary (nucellus) of the mother near 
the wall of the embryo sac. These cells become highly protoplasmic, 

is used here in its general sense^as referring to the production 
of embryos in the seed without fecundation, from diploid cells of the mother 
plant. Beproduction through such embryos is equivalent to vegetative propagation 
and gives rise to cions, the individuals of which are genetically homogeneous. 
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grow aiid divide more rai)idly than the neighboring cells, and finally 
form masst^ of tissue which push out into the embryo sac and form 
embryos so nearly like those which develop from the egg cells proper 
that the two types of embryos cannot be distinguished one from the 
other in the seed. 

Since the apogamic embryos originate from the somatic tissue of 
the mother and are not preceded by a reducing division and fecunda- 
tion, they naturally (iarry the full diploid chromosome coinplemeut 
direct from the inotlHu:* and transmit the same heritage as the mother 
type. It would be ex|)ected, therefore, that they would reproduee 
seedlings of the same type as the mother unless some irregularity 
occurs in an occasional cell division, and such i!‘i*egularities are not 
common. 

While the ovaries of citrus contain (except very rarely) only one 
egg cell each, and thus one sexually developed embryo, this apogamic 
development commonly leads to the formation of several embryos 
(usually from 2 to 4 and o(?casionally as high as TO or 12) in each 
seed (i)olyembryony) . All of these are somatic in origin ex<‘ept that 
one which comes from the egg cell following fecundation. It is also 
an important plienomenon that apparently this one sexual embryo 
frequently fails to d(n’elop, owing to laek of fecundation, crowding, ov 
some other cause, in which case all of the embryos of a seed are 
apogamic, 

Jn 1900 Webber pointed out the difficulties that this i)heuomenon 
introduces into the study of citrus hybrids, where a. large percentage 
of the seedlings tljat develoi> from carofully crossed and guarded 
flowers are of apogamic^ origin. The seedlings from apogamic embryos 
cannot he distinguished readily in early stages from tlie true hybrids 
unless the parents differed markedly in some eharacter whicli, eom- 
billed in the hybrid, results in some distinetive eharacter of foliage 
that wu>uld enable the hybrids to be recognized. In hybrids of iiarents 
with similar foliage* and plant-body characters the true hybrids cannot 
be distinguished with certainty until they bear fruit, thus necessitating 
the ex|)ense of growing large numbers to secure a few hybrids. Here 
apogamy is a distinet disadvantage. 

In citrus eulturc the main influence of ai)ogamy is likely to be 
found in its relation to the problem of securing rootstocks of uniform 
character. During the last 10 years attention has been focused on 
the very great importanea of the character of the rootstocks used in 
horticultural propagations. It has become increasingly evident that 
the genetic variation in seedlings used as stocks is to be considere<l 
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responsible for much of the variation in tree size and f)rodnetion 
exhibited in orcdiards. Therefore, in the propajjation of citrus, as is 
the case witli other orchard fruits, the great desideratum is the avail- 
ability of rootstocks that are known to possess the same heritage and 
to react similarly under the same environmental conditions with a 
given scion variety. 

To obtain such uniform root.sto(*ks, experimentation has been 
directed toward vegetative propagation, through cuttings or layers of 
known types of stocks and the comparison of the results produced by 
stocks thus obtained with the results obtained when the more or less 
variable seedlings from the same type are used. Tliis wf)j*k, mainly 
introduced and stimulated through the investigations of ITatton and 
his coworkers (11)17 and later) on the vegetative propagation of 
deciduous fruit stocks, has been taken up recently by many American 
e X p (' I i m cut s ta 1 i o n s. 

In the studies of citrus rootsto(‘ks which are being conducted by 
tlie writer, it was soon recognized that a|>ogamy was likely to exercise 
an important role, as it was known that several of the stocks com- 
monly userl exhibited a high degree of apogarnic development. The 
early studies of Webber (1900 and 1900c) and the more recent inves- 
tigations of Frost (1920) and of Toxopens (1920) have indicated that 
the variation in the per<'(‘ntage of apogami<‘ embryos in some of the 
Citrus species and varieties commonly used as stocks is approximately 
as follows: sweet orange (C. siurusis), from 40 to 95 per cent; sour 
orange (C. aurantium.) . 75 to 85 per eent;^ grapefruit {C. rnaxima), 
60 to 95 per cent; mandarin orange (C. nohilis), 10 to 100 per cent; 
lemon (C. Umoniuni) . 10 to 96 per cent; citron (C, yuedica), 40 to 50 
per cent; and Trifoliate orange (Ponrirus IrifoJuifd), 72 per cent. 
This wide variation in the per(*entage of a]>ogamy sliown by different 
species, and by different varieties or races of the same species it would 
seem must be of significance in the production of uniform progeny, 
and tlius in the adaptability of tlie different sorts for use as stocks. 

A factor of exceptional interest in this connection is the high per- 
centage of apogamy exhibited by some F, hybrids of radically divStinet 
species, and the fact tliat siicli hybrids frecpiently are exceptionally 
vigorous and likely to possess value as stocks. As an ilhistration the 
Trifoliate orange crossed with the sweet orange gave rise to the group 

8 The percontage of apogamy givon for the sour orange is haseJ on tlio (‘ount 
of variants observed in seedling progenies, and not on eoiuits of recognisable 
hybrids produced through the use of protect(?<i flowers cro.ssed with carefully 
chosen male parents, as is the case for the other estimates given. 
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of Pj hybrids which have been designated ‘'eitranges’' (Webber and 
Swingle, 1904). Some of these have already attracted attention as 
desirable stock types. Progenies of several hundred plants of each of 
several of these hybrid varieties, namely, Savage, Cunningham, Mor- 
ton, Coleman, and Rusk, have been grown in connection with the 
writer's experiments and found on careful examination of 3-year-old 
seedlings to have reproduced apparently true to the variety type 
(Pi hybrid) in all cases. The seedlings of these varieties, therefore, 
are to l>e considered as approximately 100 per cent apogamie. How- 
ever, attention should be calle<l to the fact that in the writer's experi- 
ments, one of these eitranges (the Sanford) apparently develops few 
if any apogamie embryos and has been found to break up into many 
types in the P^ generation, 

A high percentage of apogamy is also exhibited by the Sampson 
tangelo (grapefruit $ X tangerine c?), where the Pg seedlings produce 
trees of the same character as the original Pj hybrid. Twenty-eight 
Fo seedlings of the Sam])son tangelo, chosen merely as the most vigor- 
ous among a progeny of approximately 100 plants, were planted at 
an age of about 2 years in the variety orchard of the Citrus Experi- 
ment Station in 1917. They are noM' about 16 years old and are adja- 
cent to several budded trees of the P, hybrid variety, thus affording 
opportunity for an easy comparison of their characters with those 
of the mother type. The P. seedlings are remarkable for the uni- 
formity they exhibit among themselves in size, branch, foliage, and 
friiit characters, and for their vigorous growi:h. They can he distin- 
guished from the P, biidd(?d trees only by their more upright growth, 
which is a character almost invariably exhibited by seedlings as 
distinct from budded trees. 

The examination of a population of over 200 Sampson tangelo 
2-year-old P., seedlings also showed only typical foliage characters of 
the variety (Pj hybrid characters). Thus it is clear that the seedlings 
of the Sampson tangelo arc approximately 100 per cent apogamie 
under ordinary conditions. 

Prom the high percentage of apogamy occurring in such a wide 
range of CiUns species and varieties, it seems clear that the obtaining 
of satisfactory stock types that produce seedlings of uniform genetic 
constitution should present little difficulty, although in most cases a 
small number of sexually produced embryos develop seedlings. 
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Nature and Influence of Variations 

It has been found that among the progenies of all species and 
varieties not completely apogamic, there occurs a small proportion of 
seedlings that differ from the prevailing type of the progeny in char- 
acter of branching, foliage, and fruit. Most commonly these variants, 
which are described in the early part of this section, page 7, are 
comparatively small in size, though some are nearly normal, and it 
has been shown in experiments described later in this paper that 
almost invariabl}^ they produce some degree of dwarfing in the scions 
grown on them. 

The evidence available indicates that these variants apparently 
are seedlings produced from the normal (sexual) embryos. It may 
be that some of these variants come from apogamic embryos and are 
produced by gene mutation, or by chromosome aberration in the 
somatic tissue. It is probable, however, that the great majority of 
them are to be considered as coming from the sexual embryos. Of 
this majority, an occasional variant seems to be a hybrid produced by 
cross-fertilization, and mutation may occasionally be concerned, but 
segregation following self-fertilization seems to be the most probable 
explanation in most cases. The very general interfertility of Citrus 
species and varieties favors wide natural crossing, and the abundant 
production of apogamic embryos favors the long persistence of hetero- 
zygosis prixluced by crossing and the gradual increase in the number 
of heterozygous factors by the accumulation of recessive mutations. 
The lack of vigor of most of the variants suggests the presence of 
recessive genes. 

Frost (1926, p, 388) states ‘^Selfing probably produces, as a rule, 

fewer and weaker viable sexual progeny than does crossing 

Probably most of the undesirable variant types among nursery seed- 
lings are produced by fertilization Prom this jioint of view, 

cions which produce seed with fairly numerous embryos are likely to 
give better results (for stwks) than cions usually with monembryonic 
seeds. The suitability of the Florida Rough lemon for use as a stock, 
plainly depends partially on the fact that it is highly polyembryonic 
and therefore unlike the Lisbon lemon, reproduces mainly by apogamy 
when self ed.’' 

The elimination of the variants from a batch of nursery seedlings 
before the 3 ’^ are budded (as will be shown later) is apparently the 
inr>st important selection that can be made in the nursery. The seed- 
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lings reraaining after such an elimination, if from the same mother 
tree or cion, can be safely considered to be chiefly of apogamic origin 
and of neai'ly uniform genetic constitution. Such seedlings should 
possess the same degree of congeniality with the scions of any given 
fruit variety worked on them by budding or grafting; and the reac- 
tions produced under a given set of conditions can be determined with 
sufficient accuracy so tliat apparently the same result can be expected 
to follow wheijever the same combinations are used under the same 
set of conditions. 

Probably no sucli certainty of results could ever be obtained by 
the use of variable seedlings of differing genetic constitution, such as 
those obtained from cross-pollinated ])lants that develoj) seeds in the 
normal way from the fertilized egg cells only. Apogamy thus appar- 
ently furnisli(*s the citrus nurserymen with a means of obtaining 
easily from any known good stock type, large batches of seedlings 
that can Ire depended upon to be of nearly uniform genetic type and 
to give a uniform reaction on the scion. This result has apparently 
been of great value to the industry in the })ast, although not generally 
recognized, arul is likely to be of even greater iinportaner' in the 
future as more is learned alrovit the eonditious and the reactions to be 
expected. 

Seedlings of all citrus species (whetlier of apogamic origin or 
developed from egg cells in the normal way) are, of course, subject to 
the same environmental influences as are other plants, and show the 
same general classes of variation. Develoi)mental or environmental 
variations are of course shown by both types of citrus seedlings, and 
the extent and influence of such variations in seedling progenies will 
})e discussed later. Mendelian or genetic variations arc exhibited in 
seedlings from the sexually produced embryos, hut should not show 
in the a|)ogamic seedlings, which supposedly are of uniform genetie 
constitution. Mutations are likely to occur among seedlings from 
either of the t wo tyj)es of embryos, but are not (Common. In the dis- 
cussions in this pai)er th(\y probably would be classed merely as 
variants and eliminated as such. In the following discussions of 
populations grown in connection with different experiments, it should 
be remembered that the seedlings continually referred to a.s variants 
are those which j)r()hal>1y have come from the sexual embryos in most 
cases. The diiferent characters exhibited by them are probably to be 
considered as Mendeliari or genetic variations. Some of these variants 
may he mutations, hut this could not he determined without extended 
investigations. 
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After the exclusion of the variants, the remaininjj^ |)0{)uhition 
(referred to as '‘entire poi)ulation without variants”) is to t)e con- 
sidered as seedHng^s from apogamic embryos that [)ossess the same 
genetic constitution as the mother parents from wliieh the seed came. 
As the seeds in these experiments were not taken from single trees, 
there may be some variation in the genetic constitution of these 
populations even after all variants are eliminated. 


TESTS OP LARGE, MEDIUM, AND SMALL NURSERY TREES 
ON SWEET-ORANGE STOCKS^ 

In a nursery jdanted in 1914, and intended to sn})p]y some 5,000 
trees to be used in starting a fertilizer exi)eriment at the (‘itrus 
Ex|>eriment Station of the University of California, greater than ordi- 
nary uniformity among the trees was d(‘sired, and much care was thus 
taken in the growing and handling of the nursery (see Batchelor, 
Parker, and McBride, 1928). The seed used in growing the rootstocks 
was taken from four old seedling trees in the grove of R. S. Tliompson 
at Highlands, California, and these four trees were from seed taken 
from sweet oranges from Tahiti and plant(*d in 1886. 

When the seed bed was dug the small seedlings were discarded to 
the extent of about 10 per cent of the whole number. The others were 
planted in the nursery, handled as uniforndy as i)Ossible, and, with 
the exception of small, deformed, or a])parently “off‘ty])e” seedlings, 
were budded at tlie same time with buds from highly selected trees. 
When the budlings liad reached the age to be trans])]anted into the 
orchard they lU'csented the appearaiiei' of an excej>tioually fine block 
of very uniform nursery trees; and yet, when the selection of trees 
was made to plant the experiment in (piestion, it was found that the 
sizes of the scions, 8 to 4 inches above tlie bud union, varied from 0.85 
cm to 3.00 cm or moi’e in diameter.^" 

In order to obtain some clue as to what would bav(‘ b(*eii the result 
if all sizes of the nursery trees had been used without selection, a 
eompai*ative trial was ])Ianted with 18 large, 18 medium, and 18 small 
trees of each of three varieties: Washington Navel orange, Valencia 
orange, and Marsh grapefruit, all on sweet-orange stocks, a total of 

^ For earlier reports on tliis experiment, with photographs showing tlie com- 
parative size of the trees, etc., see Webber (1919, 1920, and 1920«). 

10 The selected budlings from this nursery that were ]>lanted in the fertilizer 
experiment referred to liave furnished some interesting data, tliat is summarized 
on page 64 of this paper. 
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Fig, 2. Outline plan of experimental orchardvS, the resnlts from which are dis- 
cusHed in this paper. All in field 1, blocks A, B, and C, Citrus Experiment 
Station, Riverside, California. 

1-X: Rows 18-20. Tests of large, medium, and small budlings of Washington 
Navel and Valencia oranges and Mai-sh grapefruit. All on sweet-orange stocks. 
Planted in 1917. 

1-Y: Bows 44-47 and part of 48. Orchard of variant types used as stocks in 
orchard \~Z. Planted in 1922. 

1-Z: Rows 48-55. Orchard of Washington Navel orange budded on known 
types of sour-orange seedlings. Planted in 1922. 

1-Z^: On first-grade s«?edling stocks chosen at seed bed as large. 

1-Z“; On stHfond grade seedling stocks chosen at seed bed as small. 
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162 trees. The large, small, and medium trees of each variety were 
placed in adjacent rows to facilitate visual comparison (see planting 
plan, fig. 2, orchard l-X, rows 18, 19, and 20). The average size of 
the trees in each of the large, medium and small groups of each 
variety at the time of i)lanting, as indicated by area of trunk cross 
section, is shown in column 2 of table 1. 

The trees were planted 10 feet apart, in rows 24 feet apart, and by 
1928 (when they were 11 years old) those in the row planted with 
large seedlings were crowding each other severely. Every alternate 
tree wa*s removed in the spring of 1929, to provide for the normal 
growth of those remaining. Therefore the summary of the results 
presented here is limited to the period from the spring of 1917 up to 
the spring of 1928, a total of 11 years. In judging the results it 
should be borne in mind that during the last 2 or 3 years of this 
period, the trees (particularly those in the rows planted with large 
nursery stock) had doubtless been somewhat injured and reduced in 
size and yield by the crowding. ?' 

In this study of the effect of size of budlings (nursery trees) on 
the later size and yield of the same trees in the orchard, the data used 
are derived from measurements of trunk area, top volume, and total 
yields of each tree during 6 years. The average yields were derived 
from the weight of fruit, in pounds, produced annually during the 
last 6 years of the period (crops of 1922-23 to 1927-28 inclusive), 
thus beginning after the trees had reached bearing age (first measure- 
ment made in sixth year). The averages of these measurements for 
each plot are presented in table 1. 


TABLE 1 

Summary of UEsuiiTs Obtained with Large, Medium, and SmaI/L Nursery 
Trees as Shown by Averages 


Variety 

Tree siae 

Av'crag© 
trunk area 
in 1917 

Average 
trunk area 
in 1928 

.Average 
top volume 
in 1928 

Average total 
yield per tree, 
6-year i>criod 

/ 

n 

S 

4 

6 




»q. cm. 

»q. cm. 

cu. ft. 

Ihs. 

Waihington Navel 


f Wg© 

5 052 

119.43 

620 61 

419.5 

orange 


Medium 

2 241 

110 44 

508 27 

416 0 



i Small 

1 355 

96.97 

440.29 

350.3 



[ narge 

5.275 

161 40 

868.00 

349 17 

Vabnoia orange 


1 Medium 

2 055 

138 IS 

664 83 j 

320.78 


j 

[ Small 

1 057 

140 60 

712 93 

425 69 


1 

[ I^arge 

7 404 

164 43 

710 93 

783 64 

Marsh grapefruit 

J 


2 750 

134.94 

557 44 

693.97 



[ Small ^ 

0.871 ' 

120.20 

434 33 

576.73 
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It will be seen from an examination of the data given in table 1 
that, during the 11-year period up to 1928 in which the trees were 
growing in tl)e grove, in general the large tree«J remained large; the 
medium trees, medium; and the small trees, small (fig. 3) ; and also 
that the size of the yield corresponds to the size of the tree. The one 
exeei)tion among the 9 plots is found in the Valencias, where the 18 
small trees are larger in size than the medium trees and have given a 
better average yield than either the medium or large trees. 



Fig. 3. Mai'Hh grapefruit trees, 13 years old, on sweet-orange storks showing 
tho influence; of budling selection on tree size. Knw on left grown frf»Tn selected 
large budUngs; row on right grown from small Imdlings. l^hotographed January, 
1930. 

In order to obtain a more exact expreasion of the size and yield 
relations of these trees, the whole i)opulation (large, medium, and 
small) of each variety was considered together. The coefficients of cor- 
relation wer(> determined for trunk area of original nursery tree in 
1917 with 1928 tr*unk area, with 1928 top volume, and with average 
6-year yields. These data are given in table 2. 

It will be seen from an examination of these dfxta for th? combined 
populations that significant correlations exist in all cases wffiere size is 
considered, if ar(‘a of trunk cross section of the Imdlings is eorapared 
with .similar measurements of the corresjxonding 1 1-yea r-old orchard 
trees, the coefficient for the Washington Navel is +0.394 ± 0.082; 
for the Valencia, + 0.362 ± 0.082; and for the Marsh, +0.460 
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rb 0.077. These correlations are moderately lar^e and in each case 
they are more than four times lar^yer than their respective i)robat)le 
errors and may thus be considered sij?nificant. 

The same is true for all varieties when area of trunk ci’oss section 
of budiings is compared with top volume of orchard trees, the cor- 
relations Ixun^ for Wasliin^ton Navel, + 0.452 it 0.072; for Valencia, 
-f- 0.390 it 0.081 ; and for Marsh, 0.582 ±: 0.064. These are slightly 
larger correlations than those obtained wlien tninlc area of budling 
was compared with trunk area of orchard trees, and it will be noticed 
that in each case they are about the same relative amount larger. 


TABLE 2 

OOR.KKLATIO.’^ OF SiZF OF BuiH.TNOS WlTir SlZK ANT> YlElJ) OF OhCHAKD TrEES (AlL 

ON Sweet OuANOE Stocks) 


Variety 

N util her in 
population 

Data correlated 

Cixdlicient of 
correlation 

Washington Navel 
orange 

f 40 

Trunk area 1917 to trunk area 1928 

+0 394db:0,082 


49 

Trunk area 1917 to top volume 1928 

+0 452;t0 072 

149 

Trunk area 1917 to tolal ti-year yield 

+0 170±0 092 



52 

Trunk area 1917 to trunk area 1928 

+0 362.-1:0 082 

Valencia orange 


52 

Trunk are^i 1917 to top volume 1928 

+0 390rfc0 081 



^52 

Trunk area 1917 to total O-veur vield 

“0 141 ±0 093 



47 

Trunk are.a 1917 to trunk area 1928 

+0 4G0i;:0 077 
-1-0 582±0 064 
+0 410±0 085 

Marsh grapefruit 


47 

Trunk area 1917 to top volume 1928 


[47 

Trunk area 1917 to total G-vear yield 





The ditFicuity of obtaining trustworthy comparative results from 
plot experiments, unless tin* plots are replicated several times, is well 
recogniz(‘d. It is, ne\’ertheless, considered particidarly significant 
that the trees in eairli of these 9 ])]ots should have continued for a 
period of 11 years to exhibit ai>proximately the same I'clative size that 
they did in the beginning of the exjieriment. 

Trunk measurements of these trees were taken several times during 
the 11-year period of the experiment, and it is of interest to note that 
the average size of each group has continued tlivoughout in about the 
same relative position. This is shown graphieally for the Washington 
Navels and Valencias in figure 4. The average size of the trees 
remaining in 1931 after the thinning of tlie orchard is included in 
this graph. 

It will be seen from an examination of the graph that the lines 
representing the relative increase in size of the trees of each group 
rise rapidly and gradually approach nearer together as the trees grow 
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older. The large group of trees in each case still retains its superiority, 
but it is indicated that in a longer*continued period of time the rela* 
tive increase of the large and small trees in each varietal group may 
become equal. 



Fig. 4. The relation of relative increase in size at various intervals of time, 
for the large and small trees of Washington Navel and Valencia oranges as shown 
hy area of trunk cross section. Solid lines, Washington Navel: large; B, 

smal}. Dash lines, Valencia: C% large; 7), small. 

In the case of the yields, the results from these plots show some 
eomplications. In Marsh grapefruit, the correlation of 1917 budliBg 
trunk area with average total 6-year yield, which is + 0.410 ± 0.085, 
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would be eonsidered as significajit. However, the same correlation 
with the Washington Navel is tmly + d.170 ± 0.092, which is not 
twice ^is large as the ])robable error and could scarcely be considered 
as sigiiificarit, and with Valencia is — 0.141 ± 0.093, a negative 
correlation which would certainly not be considered significant. 

It is unfortunate that in this exi)eriment the plots of diiferent- 
sized trees were not replicated several times with each variety to 
furnish a direct cheek on any outstanding difference, such as is shown 
by this one plot of smalJ budlings of Valencia. The other 8 plots may 
be considered in a sense as check plots since they have all retained 
their same relative rank in all of the three characters measured. 

In the studies of Parker and Batchelor (1932) on the early yields 
during the first 10 years of the different plots of Washington Navels 
that were to be used in the fertilizer experiments of this Station, it 
was found that adjacent plots frequently varied greatly in yield and 
maintained the same rank uniformly throughout the first 10 years 
(6 fruiting years) during which time all plots were treated uniformly. 
Such differences were assumed to be due to soil variations or po.ssibly 
to some extent to differences in methods of planting used by different 
planting crews, although all trees were handled as nearly alike as 
possible. These fertilizer experiments are on the same type of soil in 
the same field as the writer’s experiments and thus it appears prob- 
able that certain limited patches of soil which seem to be unifonn vary 
sufficiently to be res])onsible for these variations in plot yields. 

While it seems probable that soil variation may he. responsible for 
the exceptional result produced by the Valencia plot of small trees, 
no outstiinding difference in the soil can be observed. Furthermore, 
the trees in this experiment so far as can be traced in the records or 
from the memory of those who did tlie wnrk, w^ere all planted by the 
same crew. The reason why this one plot of Valencias forms an excep- 
tion cannot be clearly explained at the present time. 

It is probable that during the last 2 or 3 years of the entire 12 
years of this experiment, the plots of large budlings were slowed up, 
in growth and yield, more than those planted with medium or small 
budlings, due to the crowding, which was most noticeable in the row 
planted wuth large budlings. At least it is certain that whatever 
effect resulted from the crowding would have been favorable to the 
plots of small trees. 

When all factors are considered, however, the fact remains that 
the evidence from the records of comparative area of trunk, volume 



llilgcirdia 


I Vol. 7, No. 1 




of top, and even of yi(dd during the period of the experiment, in 
general indicates the continued superiority of the selected large 
hudlings over tlie small ones. 

If this is the case, which was not assumed when the experiment 
was started, it is important to determine, if possible, the factor or 
factors fnndamentady res])onsihle for this variation in hudlings in 
order that the largest |)ossible proportion of the superior budlings 
may be grown, and means found of eliminating the inferior ones. 

In. the propagation of the trees used in this experiment, buds were 
taken from carefully selected trees of known performance record, 
except in the case of the Valencias, the buds for wliicb were taken 
fr'om good trees true to type, but the performance records of which 
were not known. It is assumed, however, that the variations in size 
of budlings were probably not due to differences in the buds used. 

When tlie budlings were dug in order to trans|)lant them into tlie 
orchard, they were taken up ‘'bare root” aaid the I’oots carefully 
exaniiued for possible malformations or dis(^a.ses that might render 
them inferior. No individuals were chosen for ])lanting exce|)t those 
that were judged to liave normal healthy roots, and thus it is not 
believed that malformation of tlie roots or any diseased condition can 
be considered as I'esiionsible for the small trees in tlvis (^xp(‘riment. 

The bud unions were also carefully examined and all the plants 
ehosen had afiparently healed over pronijitly and formed normal 
unions. 

Probably tlie most eommon causes for ordinary variations in size 
of nursery trees and plants in general are local variations in the 
environment uiubu* which they are grown, such as richness of soil, 
texture of soil, moisture suiiply, etc. If, however, siieli environmental 
factors in the nursery were responsible for all of tlie variations in size 
among the budlings used in this experiment, it would seem firobable 
that wiieii the trees were removed mid planted in the orchard under 
new envii omriental conditions, in most cases they would soon have 
responded to the new conditions and grown out of their original rank 
of size. It would seem that the very sliglit handicaj) in size of the 
small budlings, if caused only by the nursery environment, would soon 
be overcome and be unrecognizable in the new environment. vSome of 
the small budlings liave indeed produced good-sized trees and some of 
the large budlings have not retairuHl their original rank in size, but 
in general, the small have remained small and the large have 
remained large, 
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The only other obvious variable is that introduced by the root- 
stocks, and th(?se were seedlings of good selected sweet-orange trees, 
but of unknown heritage. They ^vere taken from a bed in which the 
seedlings had made excellent growth and the smallest seedlings to the 
extent of about 10 ])er cent of the total number had been discarded 
when the seedlings were dug and trans})lanted to the nursery. Seed- 
lings of many citrus species are known to be more or less variable. 
Most of the varieties grown are known to be het(U’Ozygous for many 
cliaracters so that they do iiot reproduce true tlirough the seed. Thus 
it may seem reasonable to su{){>ose that the vseedlings used as stocks 
at least in many cijses, were variable and of hybrid nature for certain 
characters so that they might be exi)ected to react dit!*erently upon 
the scions grown on them. However, the selection preceding the 
budding had probably eliminated most of the variants, so that there 
remained a nearly homogeneous lot of seedlings of ax)Ogamic origin. 

This experiment ser\'(‘d to focus attention on rootstocks as a prob- 
able cause of variation in the size of o)*chard trees. It also pointed 
out the necessity for a more careful study of variations occurring 
among se<^dlings, and the influence of such variations on the size and 
general character of the trees of variidies worked on them. 


REAt^TION ON S(MONS CAUSED BY DIFFERENT-SIZED 
R( )( )TSTO(; K SEE DL I NG S 

JbiAN OF Experiment 

In order to obtain definite evidence as to the reaction on scions 
caus(H:l by rootstock seedlings of ditTerent size and ty])e, it was neces- 
sary to make actual trials, and such an ex|)eriment was started in 
1919 .' ‘ 

n This experiment, winch was planned and started by the writer, was carried 
out during the important period from 3921 to 192(i by ]>r. J. T. Barrett, then 
Acting Director of the Oitrns Experiment Station. Dr. Barrett thus di'serves 
much credit for the results oljtained, but is not to be held responsible for the 
interim rotation of the results and the conelnsions reached as stated in this paper. 
Figures 6 to 12 are from photographs taken by Dr. Barrett. The writer again 
took charge of the experiments in 1926, 

A preliminary report on this experiment, prepared l»y the W’rilcu' in cooperation 
with Dr. Barrett, was presented before the Ninth International Horticultural 
Congress held in London, England, August 8 to 15, 1930, and w'as published iu 
the proceedings of the Congress (WVbbor and Barrett, 1930). Some of the dis- 
cussion of this experiment given in the present paper is taken with little change 
from that report, but the data are given here in more detail, and considerable 
new material has been added. 
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Sour-orange seedlings were taken from an ordinary seed bed 
grown at the Citrus Experiment Station in the spring of 1919 when 
they were 1 year old, and the very smallest seedlings were discard ed, 
to the extent of about 10 per cent of the total population. Such 
very small seedlings are commonly discarded by nurserymen when a 
seed bed is dug, because they are too small to trairsplant well and 
usually fail to grow after transplanting. The remaining seedlings, 
ranging in height from about 4 to 12 inches, were then examined and 
segregated by sight judgment into two lots by size (large and small), 
and these lots were planted separately in the nursery. These will be 
designated in the further discussion as first and second grade, or 
merely as firsts and seconds. 

After they had grown one year in the nursery, the lot of first- 
grade large seedlings, 301 in number, ranged in height from 5 to 30 
inches with an average of 18.19 inches, while the lot of second-grade 
small seedlings, numbering 228, ranged from 2.5 to 20 inches in height 
with an average of 9.07 inches (Webber, 1920u> p. 292). A consider- 
able number of the small and weak seedlings, especially among the 
seconds, had died before measuremenis were taken. 

These seedlings were given permanent individual numbers in the 
spring of 1921 and were carefully studied as to type and size (diame- 
ter and height), after which they were budded with buds taken from 
one carefully selected Washington Navel tree.’^ In the spring of 1922 
these budded trees were planted in a permanent experimental orchard, 
in the same order that they occupied in the nursery, and this orchard 
is here designated as orchard 1-Z (see planting plan, fig. 2). 

At the time when the tops of the above seedlings were cut off to 
force the Navel buds into growth according to the common nursery 
practice, bud sticks were taken from the tops of each variant seedling, 
and two trees were budded with each, one on Rough-lemon stock, and 
one on sour-orange stock. By this means, two trees representing the 
type of each of the variant sour-orange seedlings, which were budded 
to Washington Navels, were retained as budded trees in order to per- 
mit the study of their mature tree characters. Bach was propagated 
on two different rootstocks in order that judgment might be formed 

12 The buds used for this purpose were from tree 3-14-27, located on the 
Vivienda Ranch of the National Orange Company at Highgrote, California, which 
was the tree ranking No. 1 in the block of performanco record trees studied and 
described by Shamel, Beott, and Pomeroy (1918), The Station is greatly indebted 
to the National Orange Company and to A. D, Shomel and his coworkers for the 
privilege of using buds from this tree. 
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to whether the rootstock influenced in any material degree the type 
of the variant. 

The nursery trees propagated from these variant seedlings were 
also planted in an experimental orchard adjoining orchard l-Z, and 
is here referred to as orchard 1-Y (see flg. 2). 

These two orchards, No. 1-Z and No. 1-Y, were 8 ytw's old in 
1929 when this study of the data was started, and Imd been fruiting 
for several years. This experiment furnishes a ease where the results 
from growing uniform buds on known types of seedlings, normal 
and variant, can l)e studied and the reactions observed (orchard 1-Z) ; 
and it a tree on a seedling that was classed as a variant shows any 
{peculiar reaction in orchard 1-Z, the typ(‘ of that particular variant 
can be studh^l in the orcha?'d of variant types (orchard 1-Y). 

In the propagation of tlie budlings for this experiment, 289 first- 
grade s('edlings were budded, and among these lb, or 5.5 pei* cent, 
were distinguished as variants. Two hundred and ten second-grade 
seedlings w(‘re budded , among which b9, or ;12.9 per cent, were dis- 
tinguished as variants. The variants were so classed not only because 
of their size l)ut also l)ecause of morphological differences. 

There was some loss from buds that failed to grow and a consid- 
erable number of trees have died in tin' (*onrse of the experiment, 
t)ai‘ti(nilarly tliose on variant seedling roots, so that the population 
remaining for study and (*omparison has been r(Hln(‘ed to 241 of the 
large first-grade stoek seedlings, among whieh there are 10 that were 
classed as variants; and 148 of the small second-grade stock seedlings, 
among which thm’e arc* ‘12 that were classed as variants. The much 
greater frequeney of variant ty})es among the smaller-sized or second- 
grade s(*ed lings a.s separated at the lime they were dug fron) the seed 
bed, is very noteworthy. 

The original size of the rootstock seedlings at the time of budding 
as shown by the area of cross section of trunk 4 inches above the 
ground, lias been eoinpared with the size of scion trunk when 1 year 
old in the nursery and when 8 years old as indicated by area of 
trunk cross section. Studies and comparisons have also been made 
between the size of the scion trunk when 1 year old (as a niirserv^ 
tree) and the size the same trees have attained after 8 years’ growth 
in the orchard as shown by area of trunk cross section, and with the 
yield as shown by the total yields of each tree np to 1930. Use has 
been made of the ordinary statistical constants sncli as the mean, 
standard deviation, c( efficient of variability, and coefficient of eorre- 
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lation, in (leterinining the growth relation and yield for the entire 
population and for various groupings of the population in different 
cases. 

rERMANExNOE OE VARIANT TYi>ES 

In the consideration of the data derived from this experiment it 
is desirable first to know whether the variants noted among the popu- 
lation of seedJings used as stocks have continued to sliow differential 
characters indicating genetic differences. 

Orchard 1-Y, wliere each of these variants was propagated upon 
two different rootstocks, i)resented after 8 years of growth, a medley 
of types that would be difficult to exceed if one were to bring together 
all of the most diverse species of Citrus (fig. 5). A very few of those 
chosen as variants ap])r()ach closely to the noi’inal type of tin? sour 
orange and are of a])})roxiniately normal size for their age (fig. 15, 
tree 4G-I12). Many iTunain verital)le dwarfs, being only 2y2 to 2 
feet high (fig. 9) at an age when noi’mal sour-orange trees shcnild 
have reached 10 feet or liigher. All sizes betwec^ii these two extremes 
are exhibited by the different variants (figs. 11, Kl, and 15). Other 
characters apx)arently exhibit fully as great a range of A^ariation as 
does size, and one finds extremes of coarse and slender branching, 
open and dense foliage, long and short leaves, broad and narrow 
leaves, broadly winged and nearly wingless petioles, large and sinall 
fruits, light yellow and orange-red fi'uits, well-developed glands and 
strong odor or atrophied glands and odorless. Some of the trees with 
shapely tops of finely branched stems and with dense foliage of 
slender ])ointed leaves would scarcely be recognized as citrus trees. 
The great majority of them exhibit some degree of sterility and some 
have as yet shown no indication of flower development. 

It is important to note that tlie two dilferent rootstocks, Rough 
lemon and sour orange, used in the propagation of each of these 
variants, has had little or no influence on the type of the variant as 
indicated by the visible characters. The trees of each type on the 
two stocks are growing side by side and invariably sliow the same 
characteristics. The trees on liough-lemon stock, in general, are 
somewhat larger than those of the same t^yjie on soiir stock, though 
there are some excefitions. Invariably, however, the distinctive char- 
acter of the type remains unchanged. If it is a dwarf type both 
trees are relatively dwarfed, or if it is a dense-foliage type with long 
narrow leaves, both trees show the same characters without reference 
to the stock. The Rough lemon is a very vigorous-growing stock, 
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very distinct from the sour orange, and it is rather surprising that 
these widely variant types of the sour orange when budded onto it 
show such , slight dilTerences, or stionic effects, in comparison with 
the same trees buddiMl on a standard type of the sour orange w^here 
the affinity is certainly much closer (figs. 5 and 9). The only differ- 
ences observable without an exhaustive study are limited to size 
eharaeters, indicating that the stock is to be considered here merely 
as furnishing a different environment for the growth of the scion, 
which it affects only in such characters as are modified directly by 
the environment. Iffie results here are entirely confirmatory of those 
obtained in the ex})eriment outlined in a prec(‘ding section. 



Fig. 5. Viiriant sour-(»raiig<‘ ty|K‘s used ;i.s slocks (orcluird 1-Y, row 40) ; 
two trees of chcIi variant, Uh' one on the right of eacli couple being propagated 
on KoiJgli -lemon stork and that ou the left (»n soiir-orange sto(*k. Nolo that the 
character of ea('h variant remains undianged by stock infiueiu‘e. The variant 
swdling from \vhi(di couple A was )u*opagated is the st(a*k of Washington Navel 
49-25; couple B is the stock of 49-20; and couple C the slock of 49 -27 ; see 
figure 0. All S years old. 


iNFLlIENcn OF VARIANT SeEDUNGS IN Pr()DIJCING DwARFED 
Orchard Trees 

Greatest interest centers in orchard 1-Z where the variant seedlings 
represented in orchard 1-Y are used as rootstocks, together with the 
noiTual seedlings in the same population. As tlie buds from one 
single selected Washington Navel tree were used in i)ro]>agating 
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these trees, they should be exceptionally uniforin. Such is the case 
with the lot of large seedlings, but the small seedlings have given a 
highly variable lot of trees as judged by size (figs. 6 and 7). A 
tabulation of the results shows that almost every seedling that was 
classed as a variant has, when budded, produced an orchard tree 
exhibiting some degree of dwarfing and in the majority of cases very 
marked dwarfing (fig. 8, tree 49-15; fig. 10, tree 50-14; and fig. 14, 
tree 49-25). This is the case even where the variant itself is nearly 



fig. 6. Washington Navel orange on H(»ur orange stocks: tree 49-24 on normal 
stock; tree 49-25 on variant st‘e(lling stock (see fig. ()A) \ trt'e 49-26 on variant 
seedling stock (see fig. 52)’); tree 49-27 on variant seedling stock (see fig. 56"). 
Not-e the variation in size due to stock. All 8 years old, orchard 1-7/, row 49. 

normal in size, indicating only a slight de])ression of the normal 
growth rate as shown by its growth in orchard 1-Y (compare figs. 
10 and 11). 

As the largest proportion of the variant types was in the lot of 
small seedlings, tlie portion of orcliard 1-Z i)lanted with second-grade 
small stock seedlings (1-Z“) shows a higher proportion of these dwarfed 
trees, while the porticm of orehard 1-Z planted with large stock 
sewllings (1-Z^) shows only a very small number of such trees. For 
an understanding of this section compare figures 6 to 15 inclusive. 
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Fig. 8 WfislimgtoTi I\a\el oinrigc cm sour oiiinge stocks troc 49-15, a 
clwarlocl tree on a \ariarit seedling stoek (see fig 9, ti(‘es 40 12 and 46-13) ; tree 
49-14, a normal sj/od tiee on a nonnal sout oiange seedling Trees 7 yea is old 



Fig 9. Vai ant soui oiange t>pe8 used elsewliore as stocks: trees 46-12 and 
46-13 were i)ropig<it(d fiorn a small dwarf seedling wIikIj is the stock of Wash 
ington Navel 49 lo in figuu 8 JNote also the variation in the other variant 
sour oraiigci t^ p( s in the liiekgtoiind The couple immediatelv in rear of tree 
46-12 piopagated fioni on(‘ \aiiant seedling, show clearly that the> are the same 
type, although the one on tlu light, winch is on Bough lemon stock, is slightly 
larger than the other, whidi is on a notmal sour orange stock. The couple imme 
diatel) m re,n ot tiet 46 1 i aie piopagated from still another variant seedliag 
and are 3ritoim<»dja1t in si/( hetw(*en the other two t.^pes shown in this jihotograph. 
Trees 7 years old. 
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Fig". 10. VVasliiiigton Nav(;l on Bour-orango stoek.s: troe 50-14, a dwarf tree on 
a variant neediing stuck (see fig. 11, trees 47 -23 and 47-24) ; tree 50-13, a stan- 
dard-sized tree on a normal sour-orange seedling. Trees 7 years old. 



Fig. 11. Variant soiir-orango types used elsewhere as stocks; tree 47-23 on 
Bough-lemon stock and 47-24 on sour-orange stock, both propagated from the 
same variant seedling used as the stock of Washington Navel 50-14 in figure 10. 
This is an instance of a nearly normal-sized variant wliieh as a stock dwarfs tlie 
scion. Trees 7 years old. 
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12. Washington Nav(‘] on soiir oi’Miigo sto('ks: troe 48 ](), a slightly 

dwarfed tree on a variant s<a)dling stock (see tig. 13, tree's 45-13 and 45-14) ; 

tre«3 48 1), a standard sizcal tree on a noianal soni-orange* see'dling. This is a case 

of a vigoroLis-gianving variant that j)roduees <Mily a sllglil dwarfing etlaa't. Trees 
7 years old. 



_ Fig. 13. \ariant sour-orange types used elsewliere as stocks: tree 45-13 on 
Bough-lemon stock and tree 45' 14 on normal sour-orange stock, l)Oth projtagated 
from the same variant seedling used as the stock of Washington .Nav( 3 l tree 48-10 
same general typ(3 of these two trees although on widely 
diHerent stocks. Tret's 7 years old. 
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14. Wnwirnij^ton Xavr] <»ii sour-oraiijife stocks: tree 49 -o, a severely 
Jwarfed trt'e on a. variniit sc'eillinu; stock (h(‘(‘ lo, tree 4()-430 ) ; tree 49-20, a 
sliglitly (l\varf(Ml 1 re(' on a ]ar^(‘ vigorous growing variant stock (see iig. 15, 
tree 40 -52). Tna's 7 ycnrs old. 



Fig. 15. V^a riant sonr-orajige types used elsewhere as stocks: tree 46-30, on 
Bough-lemon stock, a iiiedinni-sized vaviiint propagated from seedling used as 
stock of tree 49-25 in figure 14; tree 40-32, on Kougb-lemon stock, a large 
Tariant propagated from seedling used as stock of tree 49-20, in figure 14. Trees 
7 years old. 
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Influen(*e of Size of IIootstock Seedungs on Size and Yiei>d 
OP Okohard Tr$3ES 

The next point to bo ooiivsidered in the ana]y>sis of the data, on this 
experiment is the effect which the size of the orij?inal rootstock 
seedlings in orchard l-Z had on the size of the scions grown on them. 
In table 3 the statistical constants for this entire population of trees 
are given at three periods, namely, for the size of the rootstock 
seedlings in 1921, size of stdon in 1922, and size of scion in 1929, with 
correlations between the two latter and the former. 

TABLE 3 


CtOMPAKTSON OF OF KoOTSTOO'K SEEmLINOS AT TjME OF BUDIWNO W’lTli: 8lZK OF 

BinnjNOs at 1 Year ani> 8 Years 

(Area of cross section of seedlinj»“ trunk in 1021 with area of cross section of scion 
trunk in 1922 and 1929 , resjMndivety ; population 397 *) 

i 

Area of trunk 

Constants 

1 Stock HWHllingH, 

1 1921 

(4 in. above eoil) 

1 

! Scion, 1922 Scion, 1020 

(2 in. al)ove (6 in. above 

bud union) hud union) 


1 3 yrs. from seed j 

3 55d:0 053 

1 53=t0 037 
43.23±1.228 

i 

1-yr. budlinge 8-yr. trees 

2 40 :t 0 032 70.08 i:0.671 

0.93 ± 0 022 19.55 ±0 473 

37 72 dr 1 035 25 70 dr0.fi62 

-f 0 736d: 0 016 +0 437d^0 028 


Standard deviation in sq. cm 

Coefficient of variability, in per cent 

Coefficient of correlation with area in 1921 1 


• The use of a population of 387 trees here, instead of 389 as in (5crtain other tables, is due to the loss 
of the measurements of two seedlings in the nursery. 

It will be seen from an examination of the data presented in table 
3 that the coefficient of variability in size of the l-year~old budlings 
is 37.72 per cent, slightly less than that exhibited by the stock seed- 
lings, which is 43.23 per cent. The variability of the trees at 8 years 
of age is still less, being only 25.70 per cent. In view^ of the fact that 
the budlings WTre all propagated wdth bnds from one sehnded tree, 
and therefore presnmal)ly all have about the same inherent growth 
rate, it is rather to be expected that they wTHild show less variation 
than the variable stock seedlings. Again in the young life of the 
budlings, variation in the time that the bud starts, owing to minor 
incidents of variation in method, is likely to show pretty clearly in 
the size of the top. Tliis A^ariation in budling size is usually more 
cleariy marked during the first year and gradually becomes less 
evident in succeeding years. 
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The very marked relation of the size of the stock seedliiij^s in 
1921 at the time of budding, to the size of tlie l-year-old budlings 
proi)agated on them, wliile still in the niirsei*y nnd(‘r the same en- 
vironmental conditions, is clearly sliovrn by tJie liigh eoelBeient of 
correlation, -f 0.736 :± 0.016. As the trees become older, after tra»is- 
pianting to the orchard, this degree of correlation is lessened and the 
scion trunk size of the 8-year-old orchard trees compared witli stock 
trunk size at the tiiue of budding gives a (H>rr‘elation cotdticient of 
only + 0.437 ;± 0.028. This, however, is a sufticiently large and sig- 
nificant correlation to indicate the general tendency of the large 
seedlings to produce large trees. 

The population of 387 trees in table 3 includes 41 trees which 
are known to be variants and to produce dwarfed oreliard trees. 
These variants must greatly influence the correlations exhibited when 
tlie total ])opLi]ation is cojisidered, and it is important to know what 
occurs when the known vaidants are excluded from the po])ulation 
and only trees used tiiat are supjmsed to be of normal tyi)e. 

In table 4 (*orresponding data are given foi* the po})vilation 
exclusive of variants. 

TABLE 4 

Kelation or Size of Stock Sekdlixg.s to Size or Budmkgs and Okctiard 
Treks, WiiE.K Variants Are Excluded 
(Area of cross section of seedling trunk c()in})ared with areas of eross section 
of scion trunk at difi'erent ag(‘s; population of 346) 


Area t>f trunk 


Count ant p 

Stock NOcdliuiKH, 
1921 

{4 in. above soil) 

Scion, 1022 
(2 in. above 
bud union) 

Scion, 1924 
(4 in. above 
bud union) 

Scion, 1927 
(4 iit. above 
bud union) 

Scion, 1929 
(6 in. above 
bud union) 

Age of por«ulttti(n» 

2 years fnun 

1 -year-old 

2-year orchard 

6- year orchard 

8-year orchard 


seed 

budlings 

trees 

trees 

trees 

Mean in sq. cm 

St andard de v iat i o n 

3 87d::0 041V 

2 69 ±0 025 

9.73dr.O 065 

53 54±0 309 

81 05db0 422 

in sq. cm 

Ct)efficient of varia- 

1 28 -.to 033 

0 68d:0.0l8 

l .TOdrO 046 

8.52dt:0.2l8 

11 63±0 298 

bility, in per cent ! 
Coefficient of corre-i 
lation with 11)21 

33 05.^0 1)34 

25 43db0 602 

18 43d;0 488 

15 02i-O 418 

14 3.5^0 .375 

seedling area 


+0 54t)i0 026 

+0 125±0 036 

-fO OlOdrO 036 

-0 021±0 037 


A number of very signifleaut facts are brought out by the data 
presented in this table. The coefficient of variability, which, for the 
seedlings at 3 years of age, just before they were budded, was 33.05 
rt: 0.934 per cent, is, for the scions grown on them at 1 year of age, 
only 25.43 ± 0.692 per cent, and this becomes less each year until 
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at 8 years of age the varia}>ility exiiil)ite(l is only 14,35 ± 0.375 f)er 
cent- This shows clearly the greneral tendency of the degree of 
difference in size 1o he smoothed ont as the trc'cs grow older. 

in this popnlalion, wdiere the known variants are e.xcluded, the 
correlation in size i)etweeTi the seedlings and the l-year-old bndlings 
as shown by trunk area was only + 0,549 :± 0.026, whereas for the 
entire poj)ulation with variants included, tin' coefticdent was + 0.736 
±, 0.016. it is tluis stHvn that the variants had a inarked infiuenee in 
increasing the degree of correlation. 

The most interesting factor brought out by the data in table 4 is 
the decreasing correlation between size of trunk area of the seedlings 
with trunk area of tlu^ scions as the trees increase in age. This corre- 
lation, which in 1922, vvdien the bud lings were 1 year old, was -j- 0.549 
± 0.026, had fallen in 1924 to +0.125 ± 0.036, in 1927 to + 0.010 
± 0.036, and in 1929 wlien tlu^ orchard trees were 8 years old to 
— 0.021 ± 0.037. Tlie last two of these correlations, one slightly 
positive and tlie other slightly negative, seem, to indicate clearly that 
the correlation whicli existed l)etween the size of the seedlings and the 
size of the l-year-oid bndlings entiiady disappears as tlu? tre(*s grow 
older, and that there is no ])ermanent ami sustained ndation through 
the life cycle of tliose trees of the |)(>pidatiou that remain aft(U‘ the 
variants are excluded. This is vc'ry siguificant, if it re|>resmits the 
general conditions in other similar citrus |)0[)idations. 

The above data coruaum ojdy the size of Ibe stock seedlings with 
relation to the size of the scions grown upon them. It is of some 
interest to note that the siz(\s of tlie Irnnlcs of tin* stoeks in the 
orcliard trees react in almost the same way and degree*. The trunk 
area of the stock seedlings correlated witli the trunk area of the 
stoeks of the orcliard trees when 8 years of agt‘, for the aViove 
po])ulatioi] of 387 trees inelnding the i^ariants, was + 0.398 
± 0.029; while for the same population exclusive of variants, 346 
trees gave a cori*elation coefficient of — 0.()54 ± 0.032, thus corre- 
sponding very closely with tlie relation shown above in eomparing 
size of seedling with size of scion trunk. 

Using the volume of to{) as a measure of size of tlie trees in June, 
1930, when 8+ years old, and eorrelating this witli the size of the 
seedlings as shown by area of trunk, the entire popidation, exclusive 
of variants, gave a (‘oefimvnt of — 0.012 :±: 0.036. This indicates that 
there is no signihcant relation. 

It is important also to know the rtdation between the size of the 
stock seedlings and the yield of the orchard trees grown on them. 
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Here with the entire population exeJusive of variants (Jt46 trees), 
when area of trunk of stock seedlings is compared witli the total 
5-year yields of the 8-year-old orchard trees grown on them, there is a 
correlation of -f O.Lto o 0.085. Thus there is in this (tase a low 
positive correlation. 

These residts all indicate that in the population remaining after 
the elimination of the variaTits, the original s^odling size apparently 
had but little or no influence on the flnal orchard tree size and yield. 

In an earli(ir section of this i)aper attention was directed to the 
very common occurrence of apogam^^ in citrus reproduction. In the 
sour-orange seedlings used as stocks in this experiment it is likely that 
those classed as variants can fairly safely be considered as coming 
from sexually i)ro(luc(Ki embryos, while tliose considered of normal type 
|)robabIy come mainly from apogamic embryos. The individuals 
remaining in the i) 0 |)uIation after the exclusion of the variants, there- 
fore, are to be consi(h‘i‘ed as of a|)ogamic origin and of the same 
genetic constitution as the mother parent or ])arents. 

In this limited ])opulation with the variants excluded, there is still 
the possil)ility of some genetic variation even though all are of apo- 
gamic origin. No record was made of the particular tree or treCvS from 
which the seed was taken, l)ut since the S(hh 1 was gathered in the 
orchards of the Citrus Experiment Station at a period when the jdant- 
ings wer(‘ Acry limited in extent, it is probable that it came from but 
two or three trees at most and it is possible and even probable that it 
all came from one single tree. Inhere does not s(*em to have been suffi- 
cient geindic variation in the ])opulation with variants removed to 
Insure any pernuinent influence on the scions as indicated by size 
characters, and it seems reasonable to conclude, therefore, that this 
population is prol)ably to be considere*! as nearly homogeneous 
geneticalh^ 

The seedlings of this i>opulation when measure<l just before the 
buds were inserted, (exhibited a range of variation in area of cross 
section of trunk of 25.48 per cent. Ai)i>arently this variation is mainly 
environmental. 

Soil variability in the experimental orchard (orchard 1-Z) might 
be expected to influence tlie variability in both size and yield, and the 
plotting of the orchard by tree yield shows that certain areas are 
evidently better than others, but apparently these differences in soil 
fertility cannot be interpreted as responsible for the final results 
obtained. 
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The Beedlirif^^s iiHeil as stocks in this experiment Avere in general 
somewhat larger when budded than is nsual in ordinary nursery prac- 
tice, and it was suggested that the largest on(»s were pro]>ably too large 
to heat favorably and react equally well on the buds. A large seedling, 
when budded, does not give a stimulus to growth proportional to its 
size, as might be expected, since the growth of tlie bud for a consider- 
able period draws mainly on one side only of the slock. A bud inserted 
in a stock 1 inch in diameter may not fully grow over the cut trunk of 
the stock for two years or moi'c, and meanwhile the s('ion is drawing 
its supply of soil solutes mainly from a limited i)art only of the seed- 
ling root system, and is very imi>erfectly siipi)lyiiig the carbohydrate 
requirements of the large root system. 

It is also important to rememlx'r that the shock caused by cutting 
off the top in forcing the buds is likely to be com[)aratively more 
severe with the large seedlings than with the snialhu* ones, and a much 
longer time may lx* required to reestablish the normal balanced rela- 
tion between root and l)U(lling shoot than would occur wlieu a smallei* 
seedling is budded, tinder such conditions it miglit be assumed that 
the large seedling, even if inherently' better than a smaller one, w'ould 
not fully show the infliienee of its size during a [)eri()d of ]x)ssibly 
several years after budding, dd)(^ inquiry thus ai’os(* as to whether the 
lack of (.'orrelatiou between seedling size and size of 8-year orchard 
trees might not be due {eartially to this intliience. If this were true 
it w^oiild seem tliat the (*ff(*et miglit lx* detected by dividing the seed- 
ling population aceordiiig to size into (piartiles, and studying the 
relations : the small and medium-sized seedlings might be t'xpected to 
give better results than the very large ones. 

Table 5 giv(*s tlie constants aft(*r the division of tlie fKipulation. 
exclusive of variants, into (piar tiles based on the trunk area of the 
seedlings in 

tablp: 5 

KELAnON OF iNDIVlDrALS WITHIN QUAKTILES BASED ON Hei^DLINCJ SIZK, WITH 

Variants Excluded 


Constants 

First quartile 

Second quartile 

Third quart ile 

Fourth quartile 

Population in each quart iie . 

Mean trunk area of seedlings, H/21, 

8<I 

87 

87 

86 

in eq. cm 

Mean trunk area of orchard Irees, 

2 47±0 030 

3 SlzhO 008 

4 lOrfcO 030 

6 64d:0 065 

1929, in sq. cm 

Coefficient of varialiility, orchard 

78 83 ±0 969 

80 83rb0 664 

83.82.C0 866 

80 OSdfcO 821 

trees, 1929, in per ct:uit 

CoefiSdent of correlation, area 192! 

I6.92d::0.894 

11.19d:0 579 

14,29d:0 746 

13 994:0.733 

seedlings with 1929 trees 

:■ I 

-0 058±0 073 

-fO 0012di0 076 

-0 230d=0 070 

1 

-0 251±0 069 
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The examination of the mean size of the orchard trees in each 
qiiartile shows that the small and large trees in 1929 are very nearly 
equally distributed in tlie different quartiles and that the percentage 
of variability also is practically the same in each. The correlations in 
the first and second quartiles are in both instances so small as to indi- 
cate no correlation, but those in tlie third and fourth quartiles, — 0.2^10 
zt 0.070 and — 0.251 it 0.069, are possibly sufficiently large in relation 
to their probable errors to indicate a tendency for the large seedlings 
in the third and fourth quartiles to prcKluee somewhat smaller 8-year- 
old orchard trees. Therefore this may" indicate a slight holdover 
influence of a detrimental effect from budding too large seedlings. 
The writer is not inclined to consider these figures as more than a 
suggestion in connection with future work. 

It must be granted that tlie evidence presented here indicates that 
tliere is no ap})arent consistent relation between the size of the stock 
seedlings after the variants are eliminated and the size of the orchard, 
trees in later .vears after they' liave reached an ag(‘ of 8 ymars. If this 
is recognized as tin' true interpretation of the results, and it seems a 
fair conclusion from the evidence ])r(\senied, then any" nursery- selec- 
tion based upon size of stock seedlings existing after the so-called 
variants are excluded, would seem to be valueless. 

It should be remembered, bowe\'er, tlud the total ydeld of the trees 
during the first five seasons after tliey' earne into bearing correlated 
with the trunk .area of tlie stock seedlings gave a small positive corre- 
lation of + 0.185 zt 0.0.85. It may^ be that even this low correlation 
indicates a. sufficient influence of seedling size to justify^ the discard- 
ing of the small seedlings l)cfore }>udding, A study- of the annual 
tree y^ields of the crops for the period from 1925-26 to 1929-80 and 
a correlation, of each with stock seedling size in 1921 as shown by^ area 
of trunk cross section gave the following data : 


Crop spaaon 

Mean annual yield 
jwr tree, in pounds 

Coefficient of varia- 
tion, in per cent 

Coefficient of correla- 
tion with 192lBeodlinKR 

1925-26 

18 51d::0.278 

41 37±1 , 235 

4-0 291 ±0 033 

1926-27 

53.32±0 670 

34.62±0.987 

-fO.lGOiO 035 

1927-28 

42. 68 ±0 890 

57 42^1.894 

-fO 147rfc0 036 

1928-29 

101 3.5±1 527 

41,60:1:1 232 

4-0.157dr0 036 

1929-30 

62 22:i;0 939 

41 69ri: 1.235 

-eo 07240 a37 


A comparison of the coefficient of variation in ydeld for the differ- 
ent seasons shows no indication that the variation in tree yield is 
deereasiiig as the trees grow older. This is in marked contrast to the 
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gradual decreajse in the percentage of variation that took place in all 
tree size characters measured. 

There was a fairly significant correlation in 1925-26, which became 
less in the succeeding years and in the last 3 ^ear of the five-year period 
was entirely insignificant. 

The same population treated in another way by a direct selection 
base<i on the stock diameter of the seedlings indicates that the gain in 
yield during the period concerned was sufficient to justify a fairly 
severe selection. (Sc^e discussion on page 63.) 


Kelation of Size of Budlings 'ro Size of S-Ye-xr-Old Orchard 
Trees, as Shown by Trunk Area 

In table 6 the various statistical constants are given for the size of 
budling as shown by area of trunk cross section when 1 year old in the 
nursery, at the time of digging in the spring of 1922, as compared with 
the size of scion truidc of the orchard trees November 1, 1929, at the 
close of the eighth season of growth in the orchard. 

In table 6 the data is divided on the basis of the grading of the 
seedlings at the .s-eed bed into firsts and seconds according to size, and 
later at time of hudding into normal and variant types. These st^gre- 
gations must be kept clearly in mind to understand the discussion. An 
examination of columns 1, 2, and 3 of this table shows that when the 
entire population is compared with the firsts only, and with seconds 
only, the mean size of the firsts is greater than that of the seconds, 
while also, the standard deviation is less for the fii'sts, than for the 
seconds. This seems natural since the seconds contain the larger pro- 
portion of the dwarfed variant typi^s. The coefficient of variability 
of the three groups follows the same rank as the standard deviation. 
It is interesting to note that in each of the three groufis the 1 -year-old 
budlings show a much greater coefficient of variation than the 
8-year-old trees. 

The coefficients of correlation in which greatest interest centers are 
+ 0.622 ± 0.021 for the entire population, + 0.411 0.037 for the 

firsts, and 0.743 itO.025 for the seconds. These correlations are 
sufficiently high in each case to be considered markedly significant. 
It is very evident that either with the entire fiopulation or with merely 
the firsts or the seconds when the variants are included, there is a 
strong probability that a large nursery tree will tend to produce a rela- 
tively large orchard tree and that a small nursery tree will tend to 
produce a small orchard tree. 
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In view of the fact that the early study of the stock seedlings used 
revealed the presence of numerous variants, or types ditfering from the 
normal standard type of the population, it is important to carry the 
analysis further and determine what effect these variant types have 
liad on the results. The seeond part of table 6 gives the same statistical 
constants for the same groupings of the population as those given in 
eolnmns 1, 2, and 3, but with the trees known to be on variant stock 
seedlings excluded from consideration. 

By comparing columns 4, 5, and 6 of table 6 it may be noted that 
when the variants are excluded the area of cross section of budling 
trunk of the seconds (i.e., the group grown on seedlings graded at the 
seed bed as seeo)ids in size), at 1 year of age in the nursery gives the 
largest mean size 2.77 dr 0.050 sq. cm, while the mean for the firsts is 
slightly less, being 2.65 ± 0.027 sq. em, and that for the entire popula- 
tion exclusive of variants is 2.69 ±: 0.025 sq. em, an intermediate 
figure. It is also interesting to note that th'» same relation of size 
exists at the end of the eighth growing season in the orchard when the 
means are for seconds, 83.38 ± 0.647 sq. cm; entire population, 81.05 
± 0.422 sq. em; and firsts, 79.91 dr 0.535 sq. em. 

The standard deviation for the trunk areas of the l-year-old 
budlings is greater for the seconds than for the firsts, while aft(‘r 8 
seasons in the orchard the same imputation shows the standard 
deviation greater for the firsts than for the seconds. 

The coefficient of variability for the trunk areas of the l-year-old 
budlings is greater for the seconds than for the firsts hut after 8 
seasons this order is reversed. 

The tendency of the seconds, as shown by the mean area of budling 
trunk when the variants are excluded, is to be rather larger than the 
firsts, and the^^ also seem to show a slightly greater uniformity as 
indicated by a lower standard deviation and a smaller coefficient 
of variability. 

It will be seen later lliat when the variants are exclude, the 
seconds are also slightly superior to the firsts as shown liy a somewhat 
larger mean voliune of top and tot^l 5-year yield and by a lower 
standard deviation and coefficient of variability for each of these 
characters. 

Even though this result is obtained with the exclusion of the 
variants, which were most numerous among the seconds, it is the 
reverse of what Avould generally liave been expected. 

As this result was obtained with two segregated portions of the 
name population, after the variants were excluded, the seedling root- 
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stocks were doubtless almost wholly of apoj^amie origin, and thus 
approximately of the same genetic constitution. Api)arent]y, there- 
fore, it may be concluded that this slight superiority of the seconds 
is due to the favorable influence of the greater space availabie for 
their development owing to the high mortality among the variants 
which were most numei ous in this group (see flg. 2, orchard 1-Z), or 
possibly to the slight detrimental etfect caused by the first-grade 
seedlings, being somewhat too large when they wen^ budded (see table 
5). It does not seem ])robable that tiie diflhrence is to be considered 
as significant. 

The coefficients of correlation in these three groupings of the 
population with the Aoiriants exluded (columns 4, 5, and 6 of table 6), 
are for the entire population -f 0.182 di 0.084; for the firsts, -\~ 0.142 
± 0.042; and for the seconds, 0.2112 ±. 0.058. While tliese correla- 
tions are small and barely significant, they all show the general 
tendency of tlie large scions in the nursery to produce the large 
orchard trees and add to the evidence fcivoriug this conclusion. 

Statistical (‘onstaiits for the variants alone are given in table 6, 
column 7. Tlic trees all average much smaller tlian those in tiie other 
groupings of the ]) 0 [)ulatioii, the mean size of 1-year budlings being 
only 0.58 ± 0.087 s(i. cm in comparison to 2.G9 ±: 0.025 sq. cm for 
the entire ])opulation exclusive of variants. The 8-year-old variants 
had a mean sizt‘ of 88.20 dr 2.278 sfp cm, while the population exclu- 
sive of variants had a mean size of 81.05 dr 0.422 sq. cm. This 
illustrates very clearly the dwarfing etfect that the variant seedlings 
produce in the scions grown on them and shows why the variants 
should be eliminated and not used as stocks. The variants also, as 
would probably be expected, exhibit a iiigb standard deviation and 
coefficient of variation. 

It will be noticed that the population of variants gave a correlation 
of 0.890 dr 0.087 between nursery size and orchard size of tree. 
This perhaps has no practical bearing on the problem of nursery 
selection, as all the variants should certainly be discarded, but it does 
show that within this limited special population the size of the budling 
tends to influeiiee the size of the budded tree, and evidence of such 
an influence, if it exists generally, is of interest. 

In view of the general tendency of the percentage of variation 
and the degree of correlation with seedling size to decrease as the 
trees grow older, as shown by the comparison of size of stock seedlings 
in 1921 with the size of orchard trees in 1929 (table 4), and of 
budlings in 1922 with orchard trees in 1929 (table 6), it is desirable 
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to know occurs when size of budlin^ is considered in relation 

to size of orchard trees at various periods. When the total population 
exclusive of variants is taken (34(5 trees), and the area of budling 
trunk when 1 year old at time of transplanting^ in 1922 is correlated 
with area of scion trunk of the orchard trees in 1924 when 2 years 
old, in 1927 when 6 years old, and in 1929 when 8 years old the 
coefficients of correlation are, for 1924, + 0.358 ± 0.032 ; for 1927, 
+ 0.170 It 0.03(5; and for 1929, -f- 0.182 it 0.034. 

Evidently there is a decreasingr correlation until the sixth year, 
wdien the trees apparently reach a condition approaching the normal 
variability of mature trees as the correlation in the eighth year is 
})ractically equal to that of the sixth year. 


RniiATTON OF Size of BunbrNos to Size of S-YEAn-Obo Oiu^iiakd 
Trees, as Shown by Top Volume 

In the i)receding section the correlations are given between the 
size of the biidlings as indicated by area of cross section of S(‘ion trunk 
at time of transplanting, with the area of trunk of the orchard trei^s 
when 8 years of age and at intermediate periods. As any single meas- 
urement of size is subject to considerable variation and may not be a 
true index of the (‘xisting condition, it is desirable where possible to 
use other measurements of size as a check on the results. The volume 
in cubic feet of the tops of the trees in the same population was 
obtained in June, 1930, by the use of a standard fumigation tent, in 
order to use this index of size for comparison with trunk area and 
other data. 

In table 7 statistical constants are given, similar to those of table 6 
but comparing the size of the scion trunk of the 1-year budlings at 
the time of digging with the volumes of the tops of tlie same trees 8 
years later in the orchard. 

It will be seen from an examination of columns 1, 2, and 3 of this 
table that the mean size of top is greatest for the first-grade trees, 
least for tlie second grade, arid intermediate for the entire population. 
The standard deviation and coefficient of variability are both les |3 for 
the fii'sts than foi* the seconds. It cannot be stated whether or not the 
coefficient of variability decreases for volume of top as the trees 
grow older, as does the variability in area of scion trunk, because 
measurements of the volume of top were not taken for the young trees, 

The coefficient of correlation between the trunk area of the young 
trees and the top volume of the 8-year-old orchard trees of + 0.598 
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it 0.022 for the entire population, + 0.386 ± 0.040 for the firsts, 
and + 0.836 Ji 0.017 for the seeondvS clearly indicates a strong tend- 
ency of the large nursery trees to ])rodnce a fairly high percentage 
of the large orchard trees and vice versa, as judged by top volume. 

It is important also to consider the population with the variants 
excluded, as was done in the preceding section. When the entire popu- 
lation exclusive of variants is taken, and nursery size of budling tnink 
compared with volume of top at 8 years (columns 4, 5, and 6, table 7) 
the combined population gives a coefficient of correlation of + 0.202 
rt 0.035, while the firsts give a correlation coefficient of 4- 0.154 
± 0.044, and the seconds 0.288 ± 0.057. It is thus shown again 
that the variants in the population (which are comparatively small 
in size in the early stages of growth, and in general have the effect 
of severely dwarfing the scions grown on them) are largely responsible 
for the high positive correlations shown in every case where any 
grouping of the ])opulation is taken with the variants included. 

It will also be noticed in comparing populations of columns 4, 5, 
and 6 in table 7 (with variants excluded) that the seconds show, for 
toi) volume, a larger mean size and a smaller standard deviation and 
coefficient of variation than the firsts, a similar condition to that 
shown by the same populations when area of trunk of the orchard 
tree was used as the indicator of size. The differences, however, are 
comparatively small and probably have no significance. 

It becomes increasingly evident from the data in this table that 
the segregation of the seedlings at the seed bed into firsts (large) 
and seconds (small) had no effect other than to segregate the largest 
proportion of the variants with the seconds. 

The most imi)ortant constant in this table is the correlation of 
4“ 0.202 ± 0.035 between the size of the budling trunks of the popula- 
tion without variants and the top volume of 8-year-old orchard trees. 
This indicates a persisting influence of budling size on orchard-tree 
size even after the variants are eliminated. 

In order to show the relation existing between trunk size and 
volume of top measurements taken at about the same age, the areas 
of scion trunk tiilten in November, 1929, were compared with the 
measurement of top volumes, taken in June, 1930. Here when the 
entire population of 389 trees is considered the correlation is + 0*923 
±: 0,006, and when the variants are excluded the correlation is 4- 0.817 
± 0.013. These high correlations indicate a very close relation between 
the size of the trunk and the size of the top at about the same period 
of development. 
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Kelation op Size op Budunos to Yield of Okc^hard Trees 

While ill this experiinent there has been a f^^eneral tendency for 
the large bndlings to produce large orchard trees, it is of even more 
practical interest to know whether there is any direct correlation 
between the size of the bndlings and the yield of the trees in the 
orchard. Interest centers in the production of fruit, and it matters 
little what relation one character bears to another unless in some 
way this relation bears on the quantity, qualify, or grade of the fruit 
produced. The trees in this experiinent have been producing some 
fruit since the year 1924-25 and the individual tree ])roduction has 
been recorded for a period of 5 years (1925-26 to 1929-20 inclusive). 
The yield of the first 5 years in the life of the orchard tree can scarcely 
be taken as indicating its final relative position as to yield, yet it 
will be granted that even the first 5 y(‘ars of the fruiting period is 
important and is probably an indication of later performance. Table 
8 gives the coefficients of correlation between area of cross section of 
scion trunk of the nursery trees and the total 5-year yield of the same 
trees, with the populations grouped as in th^ ])receding tables. 

It is of })articular interest to note in table 8 that with the 289 
trees considered in this ex])eriment all segregations of the y) 0 ])ulation 
studied give some degree of positive correlation between the original 
size of the nursery tree and the total yield produced. When the entire 
[)0})ulation is considered this correlation is found to be -f- 0.517 
rt 0.025; for the firsts only, -f 0.225 Jr 0.040; and for the seconds 
only, + 0.702 ± 0.029. These correlations are sufficiently large to 
show conclusively that there is a very marked relation between the 
size of the nursery tree and its probable yield as an orchard tree 
when the variants are included. 

When the variants arc excludtHl from the population, these corre- 
lations become, for the entire ])opulation 0.222 zb 0.024 ; for the 
-.j._ 0.154 ±. 0.044; and for the seconds, -f- 0.244 zb 0.060. These 
are smaller and less significant correlations, but they do indicate a 
tendency for the large nursery trees (bndlings) to produce high- 
yielding orchard trees and vice versa, even after the variants have been 
exehided. They also emphasize the effect of the variants on yield. 

It wdll also be noticed that populations 4, 5, and 6, when the 
variants are excluded, give reversals in mean, standard deviation, 
and coefficient of A^ariation between the different groups of firsts and 
seconds similar to those shown in tables 6 and 7. 
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CliANGE8 IN InTERREExVTIONS OF SiZE AND YlELD AS TeEES 
Increase in Age 

Attention has been directed in preceding stM?tions to the decrease 
that gradually takes place in the range of variation and also in the 
coefficients of correlation of the trunk areas (cross section of trunk) 
of the seedlings in 1921 and of the budlings in 1922 compared with 
the orchard trees at ditferent periods as the trees grow older. In 
order to obtain a clear picture of what is taking place, it is interesting 
to compare these figures with interperiod and interannual correlations. 
It is important to know whether the trees that push ahead rapidly and 
attain large comparative size, continue to maintain this larger size 
and possibly give larger yields as a result. 

The data giving the relation of tlie early trunk area of the seedlings 
and budlings of the population exclusive of variants to the later trunk 
areas of the orchard trees is summarized for easy comparison in 
table 9. 

TABLE 9 

Kklation' of Tkunk Area of Skedwnos ani> Bm>i.iN(is to Tkcnk Area of 
Trees in liATER Yeak.s 

( ion, (*X('lnHive of variants, 346 trees) 



Age, 

years or seasons 
of growth 

CoefTicient rd 
variation, 
in jjpr (rent 

Correlation 
with 1922 budiing 
size 

1921 seedlingB 

n 

33 05rk0 934 

-f O 549±0 026 

1922 budlings 

1 

25 43±:0 m2 


1924 trws (April) 

2 

18 43 ±0 488 

fO 358 ±0 032 

1927 ireos (Septeml>er) 

6 

15 92±0 417 

+0 170±0 035 

1929 trees (Nov(*mber) 

8 

14 35±:0 375 j 

-f0.l82±:0.034 


An examination of these data shows the rather rapid smoothing 
out of the variation and the decrease of the correlation between orig- 
inal and final size. This might lead to the conelnsion that there is no 
permanent relation of size and that there might possibly be a fluctua- 
tion in different years. Interperiod eorrelations, how^ever, show that 
there is apparently an increasingly stronger correlation from one 
period to the next as the trees grow older. This is indicated by the 
following data, consisting of correlations between size as indicated 
by area of trunk section for different periods, for the population 
exclusive of variants (846 trees) : 

C orrckit io n coe ffitfirn t 

1922 budlingH with 1924 trees 4- 0.358 ±0.032 
1924 trees with 1927 trees + 0.618 ± 0.023 
1927 tre(:?s with 1929 trees 4 0.781 ± 0.014 
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It will be seen that the eorreJation eoeffieientS' increase very mate- 
rially as time jyoes on. Tliese figures tend to confirm tlio results of 
Sax and Qowen (1928), Collison and Harlan (1980), and Others, as 
to the permanency of size relations in orchard tre<‘s. 

It has been found that the original triiidv art^a of tlie budlings, 
exclusive of variants, correlated with the 1929 scion trunk area of 
orchard trees gave only the low correlation of +0.182 0.084. and 

that the se(Hlling trunk areas at the time of budding when com|)ared 
with 1929 seedling trunk areas gave a negative conadation of — 0.054 
dz 0.082, while during the same series of years the inter[)eriod correla- 
tions reached tlie relatively high positive cocdbcient of -f 0.781 ± 0.014. 
From this it would seem tliat the high degree of corndation exhibited 
in the later periods of growth is most likely due to some otlier influ- 
ence than variations in tlie r(W)tstocks. It would ai)])(‘ar probable that 
it is caused by some mo?'(‘ or lt*ss permanent and (*ontinuously acting 
environmenta I diff'erence. 

In tlie studies of Ibirker and llatchelor (1982) it was found that 
tree size as .shown by trunk cross section com])ai‘ed with tree yield 
in the same year gave gradually increasing correlations during the 
period when the trees were from (i to 10 years of age. Thes(‘ correla- 
tions, for the respective y(*ars, were + 0.109, +- 0.288, +- 0.247, 
■+ 0.278, and +- 0.822. The population of 846 trees witli variant 
ty})es eliminated, which is under consideration in the present dis- 
cus.sion, gave a correlation of + 0.257 ±. 0.084 between 1927 trunk 
area and with 1927 tree yields; and a similar comparison in 1929 
gave a correlation of +- 0.261 zt 0.088. 

The experiment has not l)(‘en under way long enough to afford 
o[)portunity to obtain interannual yi(dd correlations that can be 
considered of very great value in the analysis of conditions. Yields 
liave been recorded for 5 years, but those for the first two years of 
this ])eriod, wiien the trees were 4 and 5 years old respt'ctiv(‘ly. were 
too small and varialde to be given much consideration. For the next 
8 fruit years, when fhe trees were approximately 6, 7, and 8 years old, 
the mean yields, coefficuent of variability, and eorrelation coefficients, 
were as follows : 


Year 

Mean yield 
per tree 

! 

Coefficient of 
variahiUty 

Correlation with yield 
of preceding year 

' 

1927--28 

jwunds 

42 68^0.890 
101,35±1.627 

62 22d=0.939 

■per rent 

r>7,42±l 893 

41, 50± 1.232 
41.59±1 235 

-fO 724±0 018 
+0,532±0 026 

1928-29 

1929-30 
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The deerease in the eoeffieient of variability in the last two- years 
( 1928-29 and 1929-80) might be taken as indicating that the differ- 
ences in yield between the various trees have gradually smoothed out 
as the trees grew older. The variability in preceding years, however, 
as given on page 39, does not support this assumption. 


Suggestive Results from this Experiment 

One of the outstanding features of this experiment is the uni- 
formity of the results obtained in comparing budiing and orchard- 
tree size regardless of the measure used in the calculations. Within 
this lot of 389 trees, the coefficients of correlation obtained between 
area of erosvS section of trunk of the budlings and area of cross 
section of trunk, volume of top, and total yield of the 8-year-old 
orchard trees, were of about the same value for each segregation of 
the population ; they differed little more than w^ould be expected from 
the unavoidable errors of measurement. The conformity of these 
results appears to the writer to be so striking and important that the 
coefficients of correlation for the various measurements and segrega- 
tions of the population are brought together iii table 10 (cols. 3, 4, 
and 5) where they can be more easily compared. Tn column 2 of this 
table the same data are also given for nursery seedlings correlated 
with 1-year budiing size, though these are naturally very different, 
and are to be considered only as showing tlie relation in size Ixdween 
the seedlings and budlings of the different groups. 


TABLE 10 

(’’or.PFicrsNT.s of (''orrrlation between Size of Nitrsfry Trees and 8ize of 
Ori'uahd Trf.es Grown from Them as Shown uy Area of Scion 
Trunk, Volumf of Top, and Total 5 Yfar Yield 


Population 

Trunk area of 
seedlings, 1921, j 
with 1-year Imd- 
hngB, 1022 

Trunk area of 
1-year budhn'-s 
with trunk area 
of 8-year trees 

Trunk area of 
1-yeai budlings 
with top volume 
of 8-year trees 

Trunk area of 
l-year budlings 
witli total 5-year 
yields 

I 

£ 

3 

4 

5 

A Entire population 

1 +0 730-L0 016 

•fO 622±0 021 

-PO 598±0 022 

+0 517±0 025 

B First grade only 

+0 663 i0 025* 

+0 411 thO 087 

4-0 386rt0 041 

4-0 3854;0 040 

C Second grade only 

D Entire population exclu- 

rO 823di0 018* 

4-0 743jr0 025 

40 836=b0 017 1 

4-0 703db0 029 

sive of variants 

-f 0 549± 0 026 

4-0 182=fc0 034 

+0 202=h0 036 

4-0 233di:0 034 

E. First grade only exclusive 





of variants 

4 0 689±0 029* 

+0 142±0 042 

4-0 164dt0 044 

4-0 1544:0 044 

F Second grade only exclu- 





sive of variants 

+0 545rL0 045* 

4-0 232=b0 058 

+0 280^0 067 

-1-0 244=fc0 060 


♦ These ctjrrelations ore not given elsewhere 



W fibber: Variations in pUr us Sec Mings 


51 


June, 1931? I 


A, comparison of the items in each of the lines of this table will 
indicate very clearly the ^reat uniformity exhibited in each segre- 
gation of the population for each character measured, it seems that 
this must be interpreted as strong confirmation that, with this popu- 
lation, under the conditions of the experiment, the measurements 
recorded and the constants derived from them must be considered as 
fairly accurate. 

It seems logical to conclude that, if an entire pOf)ulation including 
variants is considered where unifonn buds of a scion variety have 
been used as under the conditions of this experiment, the chances are 
strong that a large budling or nursery tree will tend to produce a 
relatively large, high-yielding orchard tre(‘, and that a small budling 
is most likely to produce a relatively small and low-yielding 
orchard tree. 

It seems clear that this effect is largely, l)ut not entirely, due to 
the fact that the great majority of the small low-yielding orchard 
trees are such because they have been grown on variant, off-type 
stocks, and that at least the great majority of such variants in the 
seedling stocks in the population studied, could be recognized in the 
nursery by a careful observer, and eliminated. 

It is of primary importance to note that the great majority of 
these variant types v'cre found among the second-grade or small 
seedlings and would have been largely eliminatcHl by a selection based 
on size when they were dug from the seed l)ed. It should also be 
noted that a selection of budlings based on size would have eliminated 
most of the variants. That the elimination of these variant types is 
of first importance cannot be doubted. 

The analysis of the data also shows that in the population remain- 
ing after the variants have Ikkui excluded, there is still a small degree 
of correlation between budling size and the size and yield of orchard 
trees at 8 years of age. This correlation in the reduced population 
is still large enough to indicate a tendency for the large selected 
budling trees to give the better results. 

In view of the fact that the second-grade trees, when the variants 
wwe excluded, gave a slightly larger mean size after 2 years in the 
nursery and also after 8 years in the orchard than did the first-grade 
trees, it may be concluded that the segregation into first and second- 
grade seedlings at the seed bed, based on size, did not accomplish 
anything other than to place the variants mainly in th(‘ second grade. 
It was these dwarfed, variant types that accounted also for the strong 
Correlation between budling size and orchard size, when the entire 
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population was considered. It would appear that the seedlings in 
the seed bed were grown under such crowded conditions that their 
size is not a true indication of their inherent vigor, other than that 
the variants are mainly weak and thus small. Sax (1928) found the 
same to be true with ap})le seedlings, and states that ‘^The size of the 
seedling as it conies f r om the wholesale nursery has little or no relation 
to the size of the l-year-old nursery tree. Large seedlings did not 
produce larger whips tlian small seedlings. Evidently the size of a 
Lyear-old seedling as commonly grown, is so much influenced by 
crowding and other environmental factors that size is no indication 
of its her(‘ditary vigor.’' After the seedling apple stocks have grown 
under nursery conditions with equal spacing for a year and reach 
the age for luidding, their size was found by Sax (1924) to be a 
significant indication of tlieir future growtli, and he states ‘‘Corre- 
lations were obtained between size of the French crab seedlings 
and tlie size of the nursery trees grown on these seedling roots. The 
correlations between size of seedling and size of the one-year whiles 
was found to be 0.116, 0.08, 0.26, and 0.40, resi)eetively, for the four 
varieties, McIntosh, Ben Davis, Delicious, and Northern Spy. The 
correlation Irdween seedling size in the fall of 1922 and tlv" size of 
the 2-year nursery trees in 1924, was found to be 0.42, 0.09, 0.08, and 
0.45 for the above varieties. In all cases the size of seedling root 
seemed to have slightly more inflnence on the nursery trees as they 
became older.” 

Sax’s results indicating that ‘‘the size of the seedling root seemed 
to have slightly more influence on the nursery trees as they became 
older” do not seem to hold in citrus. In the citrus exf)erimcnt under 
consideration, the correlation between budling size and size of scion 
trunk of orchard trees gradually becomes smaller as the tr(‘es grow 
older, at least up to the close of the 1929 season v-hen the trees were 
8 years old, and the coefficients of variation gradually become less in 
the popuJatiou as a whole, Bax’s results were apparently obtained 
with young trees growing continuously in the same i)lace and it 
seems probable tJiat the increased correlations observed are to be 
interpreted as mainly due to soil variations just as with the increased 
interf)eriod cor I'elat ions obtained by the writer. 

It shoidd also be rermnnlje^red in comparing these results that 
apple seedlings because of cross-pollination are likely to be highly 
variable, but that citrus seedlings because of apogamy are likely to 
be much less variable. 



June, 1932] 


Wchher: Variatiom in Citrus Seedlings 


33 


In the ea.se of the reactions of tlie French crab seedling's witli 
which Sax’s results were obtained, probably a considerable n umbel' 
of the variant seedlings that would give extreme dwarfing had been 
eliminated at the wholesale nursery; and yet the results show that, as 
judged by size at the end of a year in the nursery, the seedlings gave 
a fairly significant coefficient of correlation. 

With cherries, Burldiolder and Green (1929) found that witli a 
population of 1,191 Mahaleb cherries budden] with Montmorency, 
seedling size at time of budding correlated with size of l)udlings at 
end of 1 year’s growth gave a correlation coefficient of -}-0.685 d: 0.0158. 
The same correlation for tlu^ citrus ])opulation of 887 trees under 
consideration was 4- d.786 ±0.016 (see table 8). 

In the study of two ajiple orchards of different varieties over a 
period of 20 years, (-ollison and Harlan (1980) found that tlie trees 
maintain their comparative size relations to a marked degree, but they 
also found that ‘‘variability in both yield and diameter growth 
becomes less with increasing age of tree.” These results were obtained 
with orchard trees of considerable age and size when the records 
began, wJiile in the presimt experiments the study started witii the 
planting of tlie seed, and has continued oidy to the eighth year in 
the orchard. It is significant, however, that with l)oth a]>ples and 
citrus th(‘ variation shown during the first ])art of the p^uuod ]K‘rsists. 
As is pointed out elsewhere, buds are variable in time of starting, 
and thn.< in the early stages of bridling growth the range in compara- 
tive size is very great; but it gradually becomes l(‘ss evident as the 
budling to])s grow older. One of the factors contributing to the 
increased variability of young tr(>es is believed to be the distinct 
shock which the rootstock suffers at the time of budding and topping, 
which results in a great lack of haianee between the root and to]>. 
Tire normal balance is more slowly regained if tlie rootstock is large. 

Relative to the coefficient of correlation l)etwe(-n budling size in 
1922 and the size of the orchard trees at different ])eriods of growth, 
it will be seen that this decreases from -f 

+ 0.170 ± 0.085 in 1927, and in 1929 is -f 0.182 ± 0.084, an insignifi- 
cant increase over that for 1927. The figures would suggest that the 
coefficient of correlation may decrease for a certain period until an 
equilibrium is established between the various factors affecting growth. 
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mFFAVr OF BVDhimi SIZE ON THE SIZE AND YIELD OF 
ORdiARD TREES IN A SELECTED POPULATION 
ON SWEET-ORANGE STOCKS^^ 

Washinpftoii Navel orange trees on sweel -orange slocks jrrown in 
the fertilizer experiments of the (^itnis Experiment Station furnish 
interesting data on the continued maintenance of comparative size. 
This orchard contains 1,506 normal Wasliin^ton Navel orans^e trees 
that were planted in the sprinp: of 1917. (See pa^e 15 for statenmnt 
of early history of these trees.) 

These trees were grown on sweet-orange sto(‘ks taken From an 
especially uniform, good seed bed from which a1 th'^ time of digging 
some 10 per cent of the total number of seedlings were discarded 
as being too small to plant. The seedlings chosen were grown in a 
nursery at the Station, given uniform treatment, and budded witli 
carefully chosen buds from good trees of know!i performance record. 
At the time of budding all noticeably small and off-type seedlings were 
also eliminated. When the t)udlings were transplanted intf) the 
permanent exj)erimental orchard, the large ones only were chosen 
for the planting. No exact record was made of tlr* number of small 
and medium-sized trees that were discarded, but the writer assisted 
in choosing the trees for the planting and estimated that about 30 
per cent of the total number of budlings were discarded as being 
too small to meet the recpiirements of siz“. This selection probably 
eliminated all or nearly all of the trees that wen^ ])r()pagate(l on 
variant seedlings. Extra care was taken to treat these trees as uni- 
formly as possible during the period of 10 years after planting, before 
the differential fertilizer treatments were applied. 

The trunk measnrennmts recorded MTre made first in 1918, approxi- 
mately 1 year after the trees were ])]an1ed in the orchard. They have 
been measured at regular intervals since that time, and the yield has 
been recorded annually. 

Table 11 gives certain statistical constants obtained from a study 
of the data of this orchard. The data for area of cross section of 
scion trunk in 1918 is compared with that of the area of scion trunk 

3 8 The measureiTiontH of size and yield used in the correlations reported here 
were taken from the records of the fertilizer experiments of the (litnis Kxperiment 
Station, and are used with the kind permission of Drs. L. O. Batchelor and 
E. R, Parker. 
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in 1026, and also with tJiat of llio average total yield of each tree 
doring- a period of 7 years, from the {*rof) of 1020-2] to that of 
1926-27 inehisive. 


TABLK 11 

COMPATlISON OF 8lZE OF 1 YeAR-OlD WASHINGTON NaVEL OkaNGK TkEI< S ON 
♦Sweet Orange Stocks with Size and Yield of the Same Trees 
After 9 Growing Seasons 

(A selcclcd populufion of 1,500 fiom wbiOi var ant seedling stocks 
had been removed) 


StatiHlical eoiiptantf^ 

Area ot scion Irunlv 
at 1 yeai, 1918 

Area of scion trunk 
at 9 years, 192b 

Averutn* total yield 
tier 1 ree dun me 7 years. 
Crops of 1920 21 
to 1926 27 

M eaii 

(» 2i±0 021 sq cm 

127 18jr0 311 sq cm 

776 38d::2 318 lbs 

Standard de\ jatioii 

1 2()i:0 015 «q cm 

1 17 8yj-0 220 sq cm 

133 19±1 638 lbs 

Coefficient of variability I 

Coefficient of correlation with l- 

19 13 ±.0 244 per tent 

14 07±;0 176 per tent 

17 ISjbO 217 per cent 

vear-old tiees 


-po 158J 0 017 

+0 229=t0 016 


An exaniinatiou of the data in table 11 shows that the size of the 
tiees b(‘earae slight!}’ less variable as they grew old(*r, the coefficient 
of variability for the 1 -year-old trees being 19.12 _t 0.244 per cent in 
comparison with 14.07 0.176 for the 9-year-()ld trees. The correla- 

tion coefficient of -f- 0.158 ±- 0.017 between the size at 1 and 9 years 
of age, is small but significant and indicates a general tendency for 
the trees to retain the I’elative position of size held at the time of the 
measurement when the trees were only 1 year old. 

When the average yield per tree during the 7-year iieriod is eom- 
pared witli the size of tlie 1 -year-old trees, as sliown by area of trunk 
s(‘etion, a correlation coefficient of -f 0.229 ± 0.016 is obtained. 

In this popidation of Washington Navels on stocks of sweet-orange 
seedlings, the degree of selection ])racticcd would corresiiond very 
closely to that of the po]) illation of the [ireeeding experiment wdth 
variants excluded, the constants for which are given in column 4 of 
tables 6, 7, and 8. It is interesting to note how ver}' close together 
the corresponding constants are, indicating that the possible scionie 
influence due to size of stock seedlings selected is likely to iie about 
the same wdth sw»'eot as with sour stocks. To show^ more clearly the 
similarity in magnitude of the corresponding constants for the two 
populations, table 12, in which the two iiopulations are distinguished 
by their stocks, will be of assistance. 

Chief interest in the data assembled in table 12 centers in the 
fact that for the two populations on sour stock and sw’eet stock the 
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coeffi(3ieiits of correlation between size of biidling: and size of orchard 
tree (-f 0.182 :± 0.034 and + 0.158 ±: 0.017 respectively), and between 
the size of budlin^ and total yield (+ 0.233 ± 0.034 and 0.229 
± 0.016 respectively) are so nearly alike. In view of this fact it 
would seem probable that these degrees of correlation may be taken 
as approximately the noimial correlation to be expected with similarly 
selected citrus trees under such conditions on either sweet or 
so u r -or an ge rootst o cks . 


TABLE 12 

('OMPARISON OF STATISTICAL CONSTANTS FOR TwO POPULATIONS OF WASHINGTON 
Navel Orangiiis with Approximately Equal Djxirefj of Selection 
(Variants ExcLUBEr)), but One on Sour Stock and 
THE Other on Sweet Stock* 



CoefficientH of variability 

Coefficients of correlation 

Stock 

Trunk area of 
budlings 

Trunk area of 
orchard tre(» 

Yield of 
<jrchard trees 

Trunk area 
of budling with 
trunk area of ' 
orchard trees 

Trunk area 
of budling with 
l.otal yield of 
orchard trees 

Sour 

Sweet 

]mr cent 
25.43±0 692 

19 13 ±0.244 

ptT cent 

14 35±:0 375 
14,07±0.170 

per cent 

34 1!±0.969 
I7.15±0 217 

-f-0.182±0.034 

+0.158±0,017 

+0 233db0.034 
-bO 229±0.016 


*The budlings and orchard trees on sour stock were in each case 2 years younger than f}u)8e. on 
swei't stocks. 


It will also be seen from a study of table 12 that there is a rather 
marked degree of diiference in the coefficient of variability” of the 
budling trunks; for the population on sour stock it is 25.43 |)er cent, 
while for the sweet stock it is 19.13 j)er cent. This difference is 
readily” understood when it is remembered that the budlings on sour 
stock were measured at the end of 1 year after the buds were inserted, 
while those on the sweet stock were not measured until 3 years 
after the budding. As obsen”ed above, the coefficient of variation 
of yoimg budlings, which is at first very high, normally decreases 
very rapidly tlu’ough several years. 

It will be noticed also that the coefficient of variability in the 
yield of the orchard trees on sour orange (34.11 per cent), is about 
double tliat of the trees on sweet stock (17.15 per cent). This 
difference in range of variability is understandable in view of the fact 
that the yields on the sour-stock trees were for a shorter period and 
from younger trees, where a higher range of variability is to he 
expected. 
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RESULTS FROM PRACTICAL ORCHARD EXPERIMENTS 

Evidence from field experiments is usually somewhat faulty because 
it is limited to small populations, and supplementary information 
obtained from orchard plantinjrs may sometimes be of very great 
value. Such evidence bearing on the problem under consideration 
was furnished by a Valencia orange grove of 60 acres on sour-orange 
stocks on the San Marino ranch near Pasadena.’* In the planting 
of this grove the nursery trees used were grown and budded on the 
ranch, and many more trees were grown than were recpiired for the 
prospective planting. All were budded from selected trees on the 
ranch. 

It was at first intended to plant only 20 acres with these trees, 
and tlie largest and best trees in the nursery were chosen and used 
for this ])lanting. Since many good tre^s remained after the planting 
of the first 20 acres, it was de(‘id(Hl to plant a second 20 acres, and 
the nursery was subjected to a second selection of the best trees 
remaining. These were planted in an orchard adjoining tliat made 
with the trees of the first selection. As a number of small and 
apparently healtliy trees still remained in the nursery, a third tract 
of about the same size was planted with them. 

These trees were thus planted in three sections of the same orchard 
at slightly different times, but they were all on seedlings of tlie same 
age, grown in the same nursery, and budded at the same time with 
buds from the same source. 

The writer made a careful study of the three sections of this grove 
in 1922 when the trees were 5 years old. That portion of the grove 
planted with the largest nursery tr(K\s (first selection) had made a fine 
growth. The trees were^remarkably uniform in size, and were large, 
vigorous, and fruitful, as shown by the mature crop on the trees at 
the time the examination was made and the young fruits set for the 
next yearns crop. 

The portion of the grove planted wdth intermediate-sized trees 
(second selection) had made a fair growth, but the trees were much 
smaller and less fruitful than tliose in that part of the orchard planted 
with large While this ixmtioii of the orchard was fairly uni- 

The details relative to the planting of this orchard and tbe results oj>tained 
were deficribed by the writer in an earlier paper (Webber, 192‘2). Unfortunately 
this grove was destroyed when 8 years of age to make room for city development. 
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form, it contained a considerable number of undersized trees. Very 
few of the largest trees were as large as the smallest in the part of 
the orchard planted with large trees. 

The i)ortion of the orchard planted with the small trees was 
highly variable in tree size and growth and was much inferior in size 
and yield to either of the other two plantings. 

In 1924 when the trees in this orchard we^re 7 years old, a study 
of the three sections was made by Mr. Glenn C. Nay, a graduate 
student of the University of California, working under the writer ^s 
direction. Comj)arable blocks containing 100 trees each were chosen 
in each section and measurements made of height of tree, diameter of 
top, circumference of scion trunk, and circumference of stock trunk. 
A summary of these data is given in table 12. 

TABLE n 

AvFiRAce Measurements of T-Year-Olb Trees in Blocks Plantiu) with Large, 
Medium, and Small Budlings; 8an Marino Ranch, 

Pasadena, Caltfornia 


Grade of budlingH 

Population 

A verage 
height of 
tree 

Average 
diameter of 
tree toi> 

A ^'erage 
eirrumferenceof 
scion trunk 

A verage 
eireuiiderenceof 
stock trunk 



feet 

feel 

inclieH 

inches 

Large 

100 

' 8.8 

8.7 

14 2 

16 1 

Medium 

100 

7,7 

6.8 

10 9 

11 4 

Small 

100 

6.7 

5 9 

10 4 

11 0 


It does not seem probable that the variation in soil, buds, or bud 
unions could be responsible for the differences exliiliited by these 
three sections of the same grove. It is difficult to escape the conclu- 
sion that they were primarily due to the differences in the size of 
the nursery stock selected for the planting. Since uniformly good 
buds were used it seems likely that the most important variable was 
concerned with size and ty[)e of the rootstock seedlings. 

Several other orchards have been examined that furnisli similar 
suggestions, but, as the data is in agreement with the one cited and 
with the results of the experimental plantings herein discussed, they 
will not be described here. 
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GENERAL DISCUSSION OF RESULTS 

Ever since the early l>eginnings of agriculture, {)ro})ag‘atiO'n from 
the best iiulividuals has l)cen more or less j^eneralby practiced. This 
practice and general understanding was crystallized by Damin into 
the princi{)le of “improvement by selection,^’ Theories concerning 
the type of variation on M'hieh selection a(ds, have changed greatly in 
recent years; but the fact that selection of the best individuals as 
])arents for propagation maintains or improves a. race or breed, 
has not l)een and prol)al)ly cannot be, questioned. No scientific 
princit)le on which agricidtural practices are based would seem to be 
more surely established than this. 

The selection of rootstocks, however, has seldom beem |)racticed 
further than to choose the type or species giving the best results 
generally. The results [u'esented in this study do not approach the 
(juestion of wliat type or species is tlie b(‘st stock for a certain fruit 
variety on a certain soil, but furnish evidence relative to the impor- 
tance of seh‘cting th(‘ b(‘st individuals for stocks within the species or 
variety. 

Size as a Measure of Sxtperiority 

The (piestion in considerable measure hinges on what constitutes 
the best individuals. Are th(‘ largest and most vigorously growing 
seedlings to l)e considered tlu' bc'st or might ]U)t smaller, more slow- 
growing types prov(^ sup(*rior? It might well l)e that some stock type 
normally of slower growtli or one of more rapid, vigorous growth 
would prove su})erior to those now use<i. The results, however, do 
tend to prove that whatever type is used, the normal, vigorous 
individuals of that type shoidd be (diosen and the weaklings and 
varian ts discarded . 

Throughout the discussion, emphasis has been placed on the im- 
l>ortanee of large size of tree, and yet the question might be raised 
as to whether large size of tree is correlated with higli yield, and 
whether after all, large size of tree is important. This emphasis 
seems to be warranted since in the present study, size of tree has been 
found to be positively correlated with yield. It will be remembered 
that eomi>arisons between trunk area and yield in the years 1927 
and 1929 gave correlations of 0.257 ±. 0.034 and -f- 0.261 ± 0.033, 
respectively. Parker and Batchelor (1932) also obtaiiuHl similar 
correlations between size and yield during five different years. These 



60 




r, No. 1 


correlations, as Parker and Patchelor point out, are positive and 
si^ifieant and it seems that we may safely conclude that under 
ordinary conditions where citrus trees of the same age have been 
treated similarly, the largest trees will most commonly be the highest 
producers. 

In considering different varieties on different stock species, how^- 
ever, a different size standard would doubtless be required. If one 
were using a dwarfing stock in order to insure the production of 
trees below standard size it might be considered that the largest stock 
seedlings and the largest budlings should be discarded in order to 
insure dwarfing. The writer believes that this would be an erroneous 
policy; that whatever type of stoc*k is used variants would be pro- 
duced that would give still smaller trees — trees so weak that they 
would be unsatisfactory ; and tlius that even wdien a dwarfing stock 
is chosen, the strongest and best individuals of this stock should 
be used. 

Tub Basis op Citkijs Kootstock Sble(U'ion 

Evuhnve Indicaihg Effectiveness of Selection . — As iminted out 
in the intro<luction of this paper, the importance of selection wdthin 
the type in (‘onneclion with rootstocks used for propagation had been 
disregarded and apparently largely overlooked prior to the appear- 
ance of the writer's first publications on this subject (1920 and 
1920i/). The first ex[)eriment in testing the results obtained by 
choosing large, medium, and small budlings from the same batch of 
nursery trees indicated in general that the various sizes tended 
in considerable degree to retain the same relative size throughout a 
period of 12 years. Out of the 9 plots of three varieties, only 1 plot, 
that of small Valencias, jiroved an exception. 

In this experiment the correlations of nursery budling size with 
trunk area and top volume of 12-year-old orchard trees w^ere positive 
and fairly large, for all three varieties (table 2). Similar correlations 
between size of nursery budlings and total 6-year yields Avere for 
Marsh grapefruit moderately large (+0-410 dr 0.08r)), for Wasliing* 
ton Navel small, and for the Valencia orange, due to the exception 
in the plot of small trees, slightly negative. 

In the data presented from a population of d89 trees in a second 
experiment, the correlation between the size of nursery seedlings at 
the time of budding and the size of the budlings when 1 year old, was 
positive and large (table 3). The correlation coefiicients between the 
size of 1-year-old nursery budlings as indicated by area of trunk 
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crOvSs section, and the ti’unk area, top volume, and 5-year yields per 
tree of the 8-year-()ld orchard trees ^rown from them in the same 
experiment, were all positive and sufficiently large to be very signifi- 
cant (tables 6, 7, and 8). It is evident, therefore, that with citrus 
a severe selection based on size should be made, either of the stock 
seedlings or of the budlings before they are transplanted to the 
orchard or possibly of both. The determination of the best method 
of selection to pursue, liowever, is com])licate(l by the presence of 
variant types among the stock seedlings. 

The number of these variant ty{>es present diffieis mainly in 
accordance with the percentage of sexually ])roduced embryos devel- 
oped by the particular stock tyi>e used. In ordinary lots of sour 
or sweet-orange seedlings they would probably amount to from 15 
to 25 per cent of the total number of .seedlings produced. 

The seed-bed stock in this ex[)eriment, after discarding the smallest 
seedlings to the extent of about 10 i)er cent of the total population 
was graded into first grade (large) and second grade (small). At 
the time of the critical study and numbering of these seedlings, just 
before they were budded, as described on page 24, it was found that 
much the largest number of variants wet'e among the seedlings classed 
as second grade. Hy the discarding of all of the second-grade seed- 
lings, 81.18 per cent of all of the evident variants would have been 
thrown out, but 18.82 i)er cent of the variants would still have 
remained among the lot graded as firsts, and these could only be 
detected after the seedlings had been grown a year or two in the 
nursery. 

The problem of inifvroving nursery stock depends primarily on 
the elimination of these variant types so far as they can be recog- 
nized, and, apparently, secondarily on the elimination of a certain 
percentage of the remaining seedlings that are below average vigor. 

In a preceding section of this paper it was pointed out that in 
the seed bed, under the severe crowding that occurs as seed beds are 
ordinarily grown, the size of the seedlings of normal type apparently 
cannot be taken as an indi(?ation of their growth rate and character. 
Their size is probably due in large measure merely to the incident 
of the varying size of the embryo, promptness or delay of germination, 
and their location in the st^d bed. Thus if all of the small seedlings 
up to from 45 to 50 per cent of the total population (the second-grade 
seeiilings, paragraph above) are eliminated at the seed hed, perhaps 
80 to 85 per cent of all the variants would be removed; but a con- 
siderable number of good stock seedlings would also be discarded. 
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MeanwhiJo froiii 15 to 20 pc'r cent of the variaBts would remain with 
the selected larj^e seedliuj^^s, and these can only be detected later in 
the nursery where they are given sufficient space to develop and 
exhibit their characteristics. 

It seems evident, therefore, that a single selection at the time of 
digging the seed bed, sufficiently severe to eliminate the greater part 
of the variant.s, would be impractical, as some variants would not 
be detected and eliminated, and the destruction of good seedlings 
would be too great. The elimination should probably not be greater 
than 25 to 35 per cent of the total number of sf^edlings; this will take 
out all of the seedlings so small as to be difficult to transplant and 
also a considerable jn-oportion of the variants. 

The further selection to eliminate the variants apparently should 
then be made in the nursery just before the budding begins. At this 
time, if the seedlings have been allowed to grow until they have 
reached a diameter averaging about % inch, which when 1-year-old 
seed bed stock is used, will usually r(‘quire 2 years (or 2 growing 
seasons) in the nursery, they will have had sufficient time to exhibit 
more fully their true characters. The small and variant types can be 
detected at this time and not budded. Such roguing should also 
eliminate the individuals of normal type that are too weak to produce 
good trees. 

The examination and selection at this [)eriod is probably to be 
considered as the most critical and im])ortant; for it is the only period 
when the top characters of the stock seedlings can be seen. It is also 
done before the expense of budding has been added to the value of 
the tree. Attention should be directed to the fact that nurseries 
throughout California are now very generally budding younger and 
smaller seedlings than those used in this experiment or than were 
commonly used by nurserymen a few years ago. The variations in 
size and type in the younger seedlings cannot be so easily recognized 
and the elimination of variants is thus more difficult. 

When the small seedlings have been removed at the seed bed 
and ail evident variants have been eliminated in the nursery, the 
data from two different experimental populations, one on sour stocks 
and one on sweet stocks, indicate that small positive correlations 
exist between size of budlings, as shown by area of trunk cross section, 
and size and yield of 8 and lO-year-old orchard trc^s (tables 6, 7, 
8, and 11), These rather small correlations may leave one in doubt 
as to whether any further selection would be effective. 
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It must, furthermore, be remembered that in comparing the size 
of seedlings at the time of budding with the size of budlings and of 
orchard trees at various ages when the variants were eliminated, the 
correlation, which with 1-year budlings was fairly large, gradually 
decreased to nothing with 8-year-old trees (table 4). The size of the 
stock trunk at time of budding correlated Avith size of stock trunk 
and also with top volume of the orchard trees after 8 years gave 
small but not significant negative correlations. 

With yield, however, the case may be somewhat different. The 
area of seedling stock trunk at time of budding correlated with total 
r>-year yield gave a coefficient of -f 0.135 dr 0.035. Tliis is a positive 
correlation and though it is small, it may be of some significance 
(see discussion on page 39). This would seem to be the case in view 
of the result obtain(‘(l by a practical selection of the trees based on 
seedling size in the nursery as described later in this section. 

In general, liowcA^er. it would seem from the fact that no positive 
correlation was obtained when se(*dling trunk area in the nursery 
was compared with s(‘ion trunk ar(»a and volume of to]> of orchard 
trees, that if any selection is to be made further than that designed 
to eliminate tlie variants, it sliould be based on budling size in the 
nursery. This is in view of the fact that there is a small but signifi- 
cant positive correlation of the scion trunk area of the budlings with 
all characters measured in the orchard trees, namely, size of trunk, 
A'olunie of top, and yield. 

Remit s OhiaineeJ hy f^elecHon of SerdJinys . — In order to obtain 
more direct information as to the value of any selection other than 
the elimination of the variants, it Avas decided to make an actual 
selection based on size of seedlings just before they AA^ere budded, 
and on 1 -year-old budlings, and to determine the results produced. 
The only population on Avhich the data necessary for testing such a 
selection is now available is that from the experiment described on 
pages 23 to 53 of this paper. This ]iopulation after the elimination of 
the small seedlings at the seed bed and of all variants, contains 346 
trees on which full records have been made. A selection can thus 
be made of these trees on the basis of the diameter of the seedling 
rootstocks just before the budding. A segregation of the trees Avas 
thus made into three classes, namely, first or large grade, containing 
all trees of which the seedling trunks at time of budding had a 
diameter of 2.2 cm or over; second or medium grade, containing all 
trees with seedling trunk diameters of 2.1 cm (this is the modal 
class) ; and third or small grade, containing all trees with vseedling 
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trunk diaiuctors of 2.0 cm or less.^° This segregation gave 109 trees, 
or 31.5 per cent, in the small or third grade; 73 trees, or 21.1 per 
cent, in the medium or second grade; and 164 trees, or 47.4 per cent, 
in the large or first grade. 

The yields for the 5-year period during the time when the orchard 
trees were 4 to 8 years of age, were segregated into the above three 
classes, and the total 5-year yield and average yield per tree 
determined for each class. These data are brought together in 
table 14. 


tablp: 14 

Comparative yii.i.rs (1 rtainf,d by Seorkgatino hTorK Sefbeings (After 
Elimination of Variants) into TiAitOE, Mldiitm, 

ANT) SmAI^L CiRAOES* 


Grade 

Diameter 

of 

seedling 

trunk 

‘ Number 

1 of 

frees 

Per cent 
of total 
popula- 
tion 

Total 
average 
yield 
per tree 

Gam in yield per free 
over third grade 

Value 
of gain per 
tree at 2 
cents per 
pound! 

Third (small) 

cm 

2 or less 

1 

109 

per cent 
31 6 

iminds 
238 2 

pounds 

per cent 

dolUtrn 

Second (medium) 

2 1 

73 

21 1 

291 5 

53 39 

22 i 

1 07 

First (large) 

2 2 or over 

164 

47 4 

295 6 

67 49 

24 1 

1 15 

Firsts and seconds combined 

2 1 or o\ er 

237 

1 

68 5 

294 4 

66 22 

23 6 

! 1 12 


• Total population 346 mean total yield for 5-year period. 277 18 riouuds per tree 
t 0\ er 5-year period 


It will 1)0 seen from an examination of table 14 that the third- 
grade trees gave an average yield during the 5-year period of 238.2 
pounds jier tree; A\hile for the same period, the second-grade trees 
gave an average yield of 2915 pounds; and the first-grade trees an 
average yield of 295.6 pounds per tree. It will be seen that the average 
yields per tree of the first and second-grade trees do not differ 
greatly, but that the yield of the third-grade trees is considerably 
lower. The gain in average yield per tree over the third-grade trees 
was for the firsts, 57 5 pounds; and for the seconds, 53.4 pounds. 
In view of the great variation in yields due to environmental and 
other causes the small difference between the gain found for the flrst-s 
and seconds could probably not be considered significant, and any 
selection discarding the seedlings placed in the second or medium 
class would probably be meaningless. If the first and second grades 
are placed togetluT th(^ combined population is 237, which is 68.6 

16 All moamimnyiits wm* made in oentimotera and tenths of centimeters, and 
the segregations made here do not correspond to segregations into class intervals. 
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per cent of the total population concerned. This combined j)opulation 
would have an average yield of 294.4 pounds per tree, a gain over 
the third grade of 5h.2 pounds per tree. 

Is this gain in average yield per tree sufficiently great to justify 
a further elimination after the variants are excluded? The elimina- 
tion of the third-grade seedlings from this population would have 
meant the elimination of 31.5 per cent of the total number. By 
sacrificing this proportion of the seedlings there is obtained a gain 
in average yield p(*r tree of 56.2 pounds, which at 2 cents a x)ound 
me?ans a gain of $1.12 a tree in value of fruit ])rodueed during the 
early 5-year period of fruiting. This seems sufficient to justify the 
payment of a fairly liigh price per trw to insure at least this degree 
of selection. The value of good seedlings before budding is com- 
paratively small, certainly under normaJ conditions not over 15 to 20 
cents each. 

This, perhaps, is a rather confusing result in view of the lack of 
correlation between seedling size and size of 8-year-old orchard trees, 
but it should be remembered that there was a small correlation, 
-f- 0.135 ± 0.035, between area of seedling trunk and total 5-y(*ar yield, 
which ordinarily would not be considered significant. 

Eesults Obtained by Selection of Bitdlings . — It is important in 
determining the most practical metluKl of selection to question whether 
the main selection might not better be made at the time when the 
budlings are being dug fi'om the nursery for transplanting, rather 
than as seedlings before budding, since a few buds possibly will heal 
poorly. In order to test this idea, the same population of 346 trees 
after the elimination of the variants, was subjected to a selection based 
on the size of the l-year-old budlings as indicated by trunk diameter 
2 inches above the bud union. Here, as in the preceding case, a 
segregation of the trees was made into three classes, namely, large or 
first-grade trees, containing ail trees the scion trunks of which at 1 
year of age had a diameter of 1.9 cm or more; medium or second 
grade, containing all trees with a scion dia.meter of 1.8 cm, the modal 
class; and small or tliird grade, containing all trees with a scion 
diameter of 1.7 cm or less. This segregation gave 104 trees, or 30.1 
per cent, in the small or third grade ; 69 trees, or 19.9 per cent, in 
the medium or second grade; and 173 trees, or 50.0 per cent, in the 
large or first grade. 

The total yields per tree for the 5-year period, when the orchard 
trees were 4 to 8 years of age, were segregated ae(^ordiug to these 
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tliree cla.sses and the total 5-year yield atul average yield per tree 
determined for each clans. These data are brought together in 
table 15. 

TABLE 15 

Comparison of Yields Odtatned by Segrboating Budlings (After Elimination 
OF Those on Variant Seedling StocKkS) into Large, 

Medium., and Small Grades* 


! 

(.irade 

Diameter 

of 

scion 

trunk 

1 

Number 
i of 

trees 

Per cent j 
of tf)tal j 
popula- 
tion 

Averiige 
yield 
per tree 

Gain in yield per tree 
over third grade 

Value 
of gain per 
tree at 2 
cents r)nr 
l>oundt 

Third (enuill) * 

cm 

1.7 or less 

104 

jter cent 
30 1 

1 

pounds 
243 7 

pounds 

i 

per cent 

dollars 

Second (medium) 

18 

69 

19 9 

270 0 

20 35 

10.8 

0.53 

First (large) 

1.9 or over 

173 

50 0 

299 1 

55 47 

22 8 

1 11 

Firsts and seconds combined 

1,8 or over 

242 

()9 9 

290 8 

47 17 

19 4 

0 94 


* Total population 340; ineAn total yield for 5-vear piTiod. 277,18 pounds per tree, 
t Over 5-year period. 


A Comparison of Seedling and Budling Seleclion . — It will be 
seen from an examination of table 15 and a comparison of the data 
with those in table 14 that the budling selection is apiiareiitly slightly 
inferior in results to that obtained by the seedling selection. In the 
third-grade class of small trees presumably to be discarded th(‘re are 
by the budling selection 104 trees with an average yield of 243.7 
pounds per tree against 109 with an average yield of only 238.2 
pounds per tree when based on a seedling selection. The seedling 
selection has thus eliminated 5 more trees and the average yield of 
the whole lot is 5.5 pounds |)er tree less than the av(*rage yield of 
the 104 trees discarded by the budling selection. The average yield 
of the second-grade trees for the budling selection is 270.0 pounds 
per tree as com])ared to 291.5 for those of the siiedling selection of 
the same grade. For the first-grade trees of the Inidling selection, 
however, the yield is 299.1 pounds per tree in comiiarison with 295.6 
for tile first-grade large trees of the seedling selection. 

If one is to make a very scwere selection and weed out both small 
and medium-sized trees, the budling selection would give a group of 
trees much reduced in number but with a higlier average 5-year 
yield than those of the same grade of the seedling selection. Even 
with this severe selection, liowever, the gain in yield of the first-grade 
budlings over that of the third-grade budlings is smaller than the 
gain between the corres|)onding grades in the seedling selection. If 
only the first-grade trees of the budling selection were preserved, 
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there would be discarded 173 budded trees of salable age. This severe 
selection would be very expensive. 

The careful consideration of these figures and the entire data, it 
seems to the writer, points rather strongly to the eonelnsion that with 
this population a selection of the seedlings just preceding the budding 
to eliminate approximately 109 of the smallest, or about 31.5 per cent 
of the total number, was the better method of selection to pursue, 
and greatly r(H]uced th(^ cost involved in making the selection. 

The following further notes on this selection will serve to 
strengthen this eonelnsion. The total 5-year yields of these trees 
varied from 14 pounds per tree to 48t pounds per tree. Choosing 
arbitrarily 200 |)Ounds ]>cr tree as a fair yield and examining the data, 
the following results are obtained : 

1. Good plants, yielding 200 pounds or over, that would be lost 
by seedling selection hut saved by hudling selection — 26. 

2. Good plants, yielding 200 pounds or over, that would be lost 
by hudling selection but saved by seedling selection — 28. 

3. Poor plants, yielding less than 200 pounds, that would be 
retained by seedling selection but eliminated by hudling selection — 8. 

4. poor plants, yielding less than 200 pounds, that would be 
retained by hudling sedeetion but eliminated by seedling selection — 17. 

It will be clearly recognized that data obtained fi*om a i>oi)Tdation 
of 346 trees cannot be considered as conclusive, but this number of 
trees carefully handled and accurately graded should furnish valuable 
suggestions. Data liave been ]) resented from a similar and much larger 
population of 1,506 trees, with variants ('xcluded, showing that the 
correlation of size of hudling with size and yield of orchard trees was 
practically the same as with this j)opulation of 346 trees. 

It will be remembered that the comparison of seedling size in the 
nursery with the size of 8-year-old trees gave a very small but not 
significant negative (correlation, indicating that no consistent and 
sustained relation (‘xists; and yet in carrying oTit the selection based 
on seedling size, a fairly satisfactory result was obtained Mdrich was 
rather better than a similar selection based on size of budlings where 
a small positive correlation was shown to exist regularly. There was, 
however, a strong correlation between seedling size and hudling size, 
and a small positive correlation betweem seedling size and yield during 
the first 5-year t)eriod. It is, therefore, evident that the benefit 
derived from discarding the small seedli^igs is maintained suffic'iently 
long to result in a financial return that justific^s the selection. 
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If the policy siiggefited by the results just outlined is followed, 
and the main selection in the nursery is made just previous to budding, 
then the further question is suggested as to whether any selection 
of the budlings is desirable. Such a selection would naturally be 
made at the time of digging the budlings and would most naturally 
be based on the size of the budling trunk. The population of 346 trees 
can be subjected to this further experimental selection. The selection 
of the seedlings in the nursery just before budding eliminated 109 
seedlings of the tliird grade and there thus remains a total of 237 
budlings ready to transplant to the orchard. If the same basis of 
segregation as that in table 14 is now used with these 237 budlings, 
placing in a third grade for discarding all of those with a diameter 
of scion trunk of 1.7 era or less, 39 budlings would be discarded, and 
the recorded total 5-year yields of these show that 38 of them were 
below the mean yield of the modal class (260 to 279 pounds), and 19 
above the modal class, with 2 in the modal class. The average 5-year 
yield of the 39 trees that would be discarded is 261.3 pounds, which 
is only slightly below the average for the whole population exclusive 
of variants. A careful examination of the whole history of these 39 
trees does not indicate any means by which the few low-yielding trees 
could have been segregated from the good ones. All excepting possibly 
2 or 3, are now of comparatively normal size and their low yields are 
probably due to environmental causes. It would seem, therefore, that 
it may be safely concluded that after a selection of seedlings as indi- 
cated, the only selection to be exercised among the budlings before 
they are dug from the nursery should be designed to eliminate the 
few very smallest ones that have not grown well ami ai-e too small to 
transplant safely. 

The case relative to methods of nursery selection as indicated by 
these studies may be summarized as follows: 

1. The results obtained have clearly demonstrated the importance 
of eliminating all variant typt^s from among the seedlings to be used 
as rootstocks. The selection to accomplish this, judging from the 
results obtained, probably should be made both by discarding the 
small seedlings at the seed bed, and the small and off-type, variant 
seedlings in the nursery just before budding. 

2. It would seem that after the elimination of the variants, the 
seedlings should be subjeete<l to a furtlier selection to eliminate the 
small ones to the extent of }>ossibly one-third of the total number 
remaining. This is based on the fact that the experimental popula- 
tion after the elimination of the variants gave a small, but possibly 
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significant, correlation between seedling size and total 5-year yield and 
also that the elimination of the small seedlings from the population 
remaining after the variants were discarded resulted in an increased 
average yield for the first five years of bearing. 

In view of the fact that the elimination of the small seedlings and 
budlings cannot be injurious even if no permanent improvement is 
achieved, and in view of the fact that the gain in yield during the 
fiTvSt few years will |)robabIy pay for the cost of the selection, it seems 
evident that the safest and best policy to pursue is to practice a severe 
nursery selection. This will insure the elimination of the variants 
and probably will give a better yield for the first few years. Tt will 
probably also insure more unifonn trees and a better yield during 
the whole life of the orchard. 

The Influence of Selection Within Apogamic Progenies. — Under 
‘‘Variation, Apogamy, and Polyembryony in Citrus” (pages 6-1.5), 
the types of variation witli which this study is conccT’ned were dis- 
cussed in some detail, as was also the relation of apogamy to the 
problem of securing citrus stocks of uniform genetic constitution. In 
the experimental populations studied it has been shown that the most 
important stei> in the methods of selection suggested is the elimination 
of the variants. It has also been sliowu that the seedlings remaining 
after the variants are excluded, may be consid(‘red to be almost wholly 
of apogamic origin and thus, if the seeds came from the same mother 
parent or clou, to possess the same genetic constitution. 

In view of the investigations of Johannsen and many others on 
selection within pure lino's, where apparently no significant advance 
has been obtained, unless there occurro'd a change of type (mutation), 
selection within a genetically homogomeous a|)ogamic progomy might 
be thought to hold little promise. 

The investigations on the effectiveness of selo'ction within pure 
lines, however, so far as the writer is informed, have beom directed 
wholly toward the discovery of whether a change could be induced 
which would have permanent genetio^ significance. The investigations, 
furthermore, liave all been with very short-lived plants and animals 
and never with long-lived perennial trees. Tt would seem to be en- 
tirely reasonable to assume that the selection of the largest seedlings 
within an exclusively apogamic population or of the largest nursery 
plants within a single don might result in a distinct improvement in 
the size of tree and (piantity of the crop produced during a part or all 
of the life of the trees, and yet not indicate any change of the type 
that could be considered of genetic significance. 
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The evidence from the experiments described in this paper indi- 
cates that when dealing with populations from which all variants that 
could be detected had been eliminated and which were thus supposedly 
of nearly x)ure apogamic origin, there was still a considerable range 
of variation exhibited as indicated by area of cross section of trunk, 
volume of top, and average yield. The evidence seems also to indicate 
rather strongly that the elimination from the homogeneous apogamic 
population in the nursery of the smaller seedlings and smaller budlings 
tends to increase the size and yield of the orchard trees propagated 
on those remaining. The increase in yield during the first 8 years 
from such selected trees in one experiment was found to be sufficient 
to cover the expense involved in making the selection. 

There is thus ayifiarently an advantage possessed by the seedlings 
and budlings that are large while growing in the nursery which is 
carried over when they are transplanted into the orchard and persists 
for a considerahle yieriod, at least long enough to give a larger crop 
of fruit during the first 8 years. There is no evideru'e available to 
indicate definitely how long this superiority of the population propa- 
gated on the selected stocks will be maintained. 

If a selection in the nui’sery to eliminate the small seedlings and 
budlings is efi'ective and of practical value in an apogamic progeny 
where the genetic constitution of the mother is maintained, it should 
be equally effective with stocks reproduced hy cuttings, slips, or layers. 
Evidence confirming this is furaished by the results obtained by 
Bioletti (1926) in an experiment testing the etfeet of size and quality 
of rootings (rooted cuttings) of the grafie. The influence was very 
marked during tlie first three seasons in the vineyard, was noticeable 
in the fourth year, but had largely disapjieareil by tlie end of the 
fifth year. He states: 

The first crop of the vine.s [during the third s<‘n.soii | from the strongest 25 
per cent of the rootings was abfuit 50 per cent Inrger than tlie first crop of the 
vinOvS from the weaJtest 25 per cent. Tliis difference was in great jiart reversed 
by the second crop and there was little difTercnce. in the third crop. 

The advantage of tlu* strongest rootings was in reaching nearly full liearing 
the third season inst(’ad of the fourth as with the weak(*r rootings. The poorest 
rootings (used in this experiment) were all equal to what are usually considered 
No. 1 quality. With more imperfect rootings such as are very commonly planted, 
the difference would undoubtedly have been greater. 

Although the evidence with citrus trees presented in this paper is 
not sufficient to justify a final conclusion, it seems to indicate that 
with perennial fruit trees an improvement will result from a selection, 
among an apogamic or (donal iirogeny, of stock plants of superior 
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8ize and vii^or. This inij)rovemcnt can f)roba.bly be explained as due to 
the long hold-over influence of a more favorable start, which influences 
the plant during a considerable ])ortion of its life cycle, and not to any 
change of genetic nature caiised or stimulated by tlie selection. 

Apparently the general j>rinci[)le involved here is the same as that 
coneei’iied in the ])roduction of larger yields by the use of large seeds 
after an elimination of the small orn^. Markedly increased yields 
obtained by such seed segregations have been reported for almost all 
annual crops in'opagated by secals. 

Blackman (1919) has pointed out that the stored nutrition carried 
by the seed or plant body may be considered as tlu*- capital invest- 
ment with which the young })lant starts growth and that the growth 
rate of tln^ jdant may be likened to the interest rate which is com- 
pounded veiy frequently. If th(‘ growth rate (interest) is the same 
in two plants, that one starting with the largest quantity of stored 
material (capital) may be ex])ected to remain the largest if grown 
under uniform conditions. 

With perennial trees having the same growth rate and grown 
under uniform conditions those that are largest in the beginning 
should theoretically remain the largest until the trees a[)])roaeh mature 
age and sixe when growth rate is eijualUnJ by decay. 


METIIOD OF NldiSEHY SEI.ECTTON 81IG0E8TEI) 


Based on the data and r(‘sults outlined in tliis {)aper the following 
metho<is of nursery selection are suggested : 

^<i(ed Bed Seleeiion . — When the seedlings are dug from the seed 
bed discard the smallest s(‘edlings to the extent of about one-fourth 
of the whole [)opulation, or 25 per cent. Discard at this time all 
malformed seedlings sucli as extreme cases of “goose neck” or “bench 
root. ’ ’ 

Twenty-five i>er (*-mt is an arltitrarily chosen quantity. This is, 
however, rather mote s{‘vere than the ordinary selection made at the 
seed bed and will eliminate* a considerable proportion of the variant 
ty[>es. 

Nm'sery Sele(dio 7 i.-~V^heu tlie seedlings growing in the nursery 
have reached the size and age for budding, go ov(‘r them carefully and 
cut out all plants differing sufliciently from the standard or normal 
type of the stock to be rK*ognized as distinct and peculiar in any 
character. This elimination should be irrespective of size. After this 
elimination of variants, the small seedlings should be cut out and dis- 









carded to the extent of from 25 to 30 per cent of tlie entire remaining 
population. 

After this elimination has been made the entire remaining popula- 
tion may he budded and safely considered as propagated on good, 
uniform, highly selected stocks. As the seedlings up to this time, 
previous to budding, have little value, the carrying out of this 
elimination does not entail very great financial loss. 

Budlmg Selecticm . — Some buds do not heal well or are defective 
and do not give vigorous good trees. Such small and inferior budlings 
should be cut out and discarded before the budlings are dug for 
orchard planting. With good buds and selected large stocks the 
elimination at this time will be very slight, probably not over 1 to 5 
per cent. 


SUMMARY 

The investigations discussed in this paper are concerned with : 
first, the influence that variable seedlings used as rootstocks exercise 
on the size and yield of orchard trees; and second, the determination, 
if possible, of a basis of scdection that may be used in the improvement 
of citrus nursery stock. 

Citrus seedlings, of the species and varieties most commonly used 
for rootstocks, exhibit a wide range of variation. In any lot of seed- 
lings grown from seed of the same variety and from the same source, 
the great majority usually are of the same general type, but from 5 
to 40 per cent of them are highly variable types which apparently 
difl'er in genetic constitution from the x)revailing type and from each 
other. 

The evidence available indicates that the seedlings of the prevailing 
type originate from apogamie embroyos and are thus, presumably, of 
the same genetic constitution as the seed parent or parents. Some 
citrus varieties exhibit a very high degree of apogamy (80 to 100 per 
cent), and by the use of seeds from such sorts, large lots of seedlings 
almost uniform genetically and of the same type can be easily obtained 
for use as stocks. 

The seedlings of variable types which are present in small numbers 
in all lots of citrus seedlings (except those of sorts which are 100 per 
cent apogamie) are here termed v<iriam>ts. They are probably developed 
from the nonnally produced sexual embryos mainly by self-fertiliza- 
tion, but to some extent by cross-fertilization. The seedlings of variant 
type<^ are usually small and lacking in vigor, and when used as stocks 
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are found almost invariably to produce orchard trees exhibiting some 
degree of dwarfing. 

In one experiment, large, medium, and small biidlings (nursery 
trees) of Washington Navel and Valencia oranges and of Marsh grape- 
fruit, all propagated on sweet-orange stocks, were grown side by side 
for comparison. After 11 years in the orchard under approximately 
uniform conditions, the correlations of biidling trunk area with the 
trunk area, volume of top, and total 6-year yields of the orchard trees 
in all but 1 of the 9 plots were positive and significant. 

The following results were obtained from a study of another care- 
fully planned experiment with 389 trees of Washington Navel orange 
on sour-orange stocks. Each tree was observed from the seed-bed 
stage through the nursery and for 8 years after planting in an 
experimental orchard. 

1. The seedlings, wlum dug from the nursery, and after the elimi- 
nation of the very small ones, were segregated into two grades, large 
and small, which were kept separate in the nursery. Among these 
there were 43 seedlings of variant types which later w’ere found to 
cause marked dwarfing of the orchard trees budded on them and were 
very unsatisfactory. Seventy-seven per cent of these variant types 
were among the seedlings gradwl as small at the seed bed. 

2. These variant seedling types were propagated on sour-orange 
and Rough-lemon stocks, one tree on each stock, and were found to 
maintain their Tnarked varietal characteristics unchanged by the 
influence of the two stocks. The stock influence was limited apparently 
to fjuantitative characters only, such as ditferences in size. 

3. The size of nursery sewllings, as shown by area of trunk cross 
section correlated with the size of bud lings and 8-year-old orchard 
trees, gave coefficients respectively of -f- 0.736 ±: 0.016, and + 0.437 
:± 0.028. These fairly strong correlations were influenced to a 
considerable extent by variants, as a result of their dwarfing influence. 

4. When the population, exclusive of variants, was used and size 
of seedlings compared with the size of budlings and with 2, 6, and 
8-year-old orchard trees, the correlations were 4 0.549 ±: 0.026, 
+ 0.125 ±: 0.036, -f 0.010 ± 0.036, and — 0.021 ±: 0.037 res])ectively, 
indicating that there was a temporary relation between the size of 
selected seedlings and the size of trees after planting in the orchard. 

5. The size of nursery seedlings, exclusive of variants, compared 
with the top volume of 8-year-old trees gave no correlation ( — 0.012 
±: 0.036), but it is possibly significant that wdth a total 5-year yield 
per tree a positive correlation of + 0.135 ±; 0.035 was obtained. 
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6. The vsii^e of l-j’^ear-old budlings compared with the size of 
8-year-old orchard trees gave a correlation of -f 0.622 ±; 0.021 for the 
entire population; and for the population exclusive of variants at 
2, 6, and 8 years old gave correlations respectively of + 0.358 ±. 0.032, 
-f 0.170 ±: 0.036, and + 0.182 ±: 0.034. 

7. Size of budlings compared with 5-year yields gave for the entire 
Xmpulation a correlation of 0.517 rb 0.025, and for the same 
l^opulation exclusive of variants -j- 0.233 dt 0.034. Thus there 
was a general tendency for the large budlings to produce large, 
high-yielding trees, and for the small budlings to produce small, 
low-yielding trees. 

8. The coefficients of variability for size of tree gradually 
decreased as the trees grew older. 

9. The comparison of trunk area of budlings with top volume of 
8-year-old trees gave for the entire population a correlation of 
+ 0.598 ± 0.022 and for the population exclusive of variants, + 0.202 
± 0.035, thus corresponding very closely with the results obtained 
when the trunk areas of budlings and of 8-year-old trees are cor- 
related, and also with the correlation of trunk area of budlings with 
5-year yields. 

10. The close similarity of the statistical constants obtained when 
different measures were used (such as area of trunk, volume of top, 
and yields of fruit) are interpreted as indicating the reliability of 
the results. 

11. There was a very close relation between the size of the trunk 
and the size of the top at the same period (^f develoi>ment, as shown 
by the high correlations between trunk area in 1929 and top volume 
in 1930, which was -{- 0.923 ± 0.006 for the entire population; and 
-|- 0.817 ± 0.013 for the population exclusive of variants. 

12. While the budling trunk area for the entire yvopulation exclu- 
sive of variants compared with the trunk area of 8-year-old orchard 
trees gave a correlation of only -{- 0.182 ± 0.034, the budlings with 
2-year-old orchard trees gave a correlation of -[- 0.358 ± 0.032 ; 2-year 
trees with 6-year trees, -j- 0.618 ± 0.023; and 6-year trees with 8-year 
trees, -f- 0.781 :±: 0.014. These rapidly increasing degrees of correla- 
tion for interperiods are interx)reted as being caused probably by 
the cumulative influence of variations in soils rather than by variations 
in the rootstocks. 

With this po|)ulation (containing, after tlie elimination of the 
variants, 346 trees supposedly of apogamic origin and thus of nearly 
uniform genetic constitution) a segregation of the seedlings on the 
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basis of the recorded diameter at the time of budding gave 31.5 per 
cent of 2.0 cm, or less in diameter, and 68.5 per cent of 2.1 cm, or 
more in diameter. The orchard trees grown on the large seedlings 
gave an average 5-year yield of 56.22 pounds per tree more than the 
trees on the se(*dljngs of the small group, an avcu’age gain per tree of 
23.6 per cent. 

A similar segregation of the same population on the basis of the 
recorded diameter of the budlings at the time of transplanting gave 
30.1 per cent budlings of 1.7 cm or less in diameter, and 60.9 per cent 
of 1.8 cm or more in diameter. Tlie orchard trees grown from the 
large budlings gave an average 5-year yield of 47.17 pounds per tree 
more than the trees of the small budling group, an average gain per 
tree of 19.4 per cent. These results indicate that a selection of the 
seedlings is as effective as a selection of the budlings; and it is much 
less expensive. 

Tn a po{) Illation of 1,506 Washington Navel trees on sweet-orange 
stocks from wliich all small budlings (and thus probably all markedly 
variant rootstocks) had been eliminated, tlie cori’clations between 
trunk area of the young trees and trunk area and total yields of 9-year- 
old trees were respectively ±0.017, and -|- 0.229 ±0.016. 

There is a noticeable and significant similarity between these correla- 
tions from Washington Navels on sweet-orange stocks and those from 
Washington Nav(4vS on sour-orange stocks. 

In a commercial orchard where nursery trees were segregated at 
the tiiiK’ of planting into groups of large, medium, and small trees 
and planted s(‘parately in adjoining ])arts of the same orchard, the 
groups retained their relative differences in size up to the age of 
7 years. 

The evidence from all experiments and observations indicates that 
in general with (uitire po[)ulations, small seedlings and small budlings 
tend to produce small, low-yielding orchard trees; and that large 
seedlings and large budlings tend to irroduce comparatively large, 
high-yielding orchard trees. 

The evidence clearly indicates that the most important factor in 
the improvement of citrus nursery stock is the elimination of the 
variant seedlings that were found almost uniformly to produce weak 
and dwarfed orchard trees. 

The segregation of the seedlings when they were dug fi'om the 
seed bed into first and second grades (large and small), was found 
effective only to the extent that it served to isolate with the seconds, 
81.18 per cent of the variants. This proportion of the variants, 
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therefore, could have been destroyed by discarding al] of the seconds, 
which comprised 47.77 per cent of the total population transplanted 
from the seed bed. The normal seedlings among those chosen as 
seconds at the seed bed gave orchard trees as satisfactory as the 
normal trees of the first grade. 

The experiment indicates that the elimination of the variants can 
be accomplished, probably with the least loss, by a moderate culling 
of the small seedlings at the seed bed, and by the careful roguing and 
destruction of all variants and small seedlings in the nursery just 
prior to the budding. 

The evidence also indicates that a selection based on the size of 
the seedlings or of the budlings remaining after the elimination of 
the variants, would result in a small but valuable improvement. This 
improvement is probably due to the long hold-over influence of a 
more favorable and better start which affects the plant during a 
considerable portion of its life, and not to any change of genet i(‘ 
nature caused or stimulated by the selection. 

A plan of nursery selection is suggested which is based on the 
results of these studies and is designed for use iii commercial nurseries. 
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VARIATION IN THE YIELDS OF FRUIT TREES 
IN RELATION TO THE PLANNING OF 
FUTURE EXPERIMENTS^'^ 


E. R. PARKERS ant> K D. BATCHELOR* 


INTRODUCTlOxV 

The yields resulting from field trials have, in many cases, indicated 
the varying responses of plants to soil conditions which appear to be in- 
dependent of the considerations of the trial. These normal fluctuations 
in yield constitute a source of experimental error to which all field trials 
are subject. They are of such importance that they must be taken into 
account in the planning of such experiments, as well as in the interpre- 
tation of the results. 

In orchard trials such errors may be especially large. The great 
variation obseiwed is due, in })art, to the relatively large area of land 
involved in a single experiment, with the attendant possibilities of 
important changes in soil and topography. It is also due in some degree 
to the individuality ol the trees. These two classes of factors ordinarily 
increase the observ^ed variations greatly above thosii found in experi- 
ments with agronomic crops, for in the latter the use of a large number 
of plants in a single plot results in practical elimination of the effects of 
individual plant variation. In addition, the relatively small size of the 
plots permits them to be located on a small area of land. In the case of 

1 Received for publication December 28, 1931. 

2 Paper No. 256, University of California Graduate School of Tropical Agricul- 
ture and Citrus Experiment Station, Riverside, California. 

3 Assistant Horticulturist in the Citrus Experiment Station. 

4 Horticulturist in the Citrus Experiment Station, and Director, Graduate School 
of Tropical Agriculture and Citrus Experiment Station. 
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agronomic crops, significant correlations frequently exist between the 
yields of nearby plots. 

Another very important source of error in the interpretation of the 
results of trials with trees is due to the long life of the plants. Since 
cultural treatments may have cumulative effects upon soils and trees, 
and since responses in various seasons may differ, it is obligatory that 
experiments be extended over a long period of time. Consequently, the 
same individual trees and plots are employed repeatedly in the experi- 
ment in the same manner. Any individuality of the material and of the 
soil finds expression year after year in about the same way. This results 
in correlations between observations in succeeeding years. In the case of 
trials with annual crops, however, this effect is largely eliminated by 
the use of different plants each year, and in many experiments by 
rearrangements of the location of the treatments during various years 
of the experiment. 

In determining the relative effects of different treatments in any 
field trial, the ideal would be to ascertain the effect of the various treat- 
ments under absolutely identical conditions. In orchard work, such a 
situation is obviomsly impossible. The only possibility is to try each 
treatment simultaneously on a portion of the orchard. What is desired, 
then, is to obtain for each treatment a sample of the orchard which ade- 
quately represents the mean yield and variability of the entire 
orchard. The difficulties, as well as the importance, of obtaining such a 
sample have been demonstrated for orchard crops by the results of 
Batchelor and Reed^^^ in their studies of the variability of several 
orchards. 

Many methods have been proposed for correcting and interpreting 
the results of agronomic trials where there is doubt as to whether the 
individual plots represent a fair sample of the field as a whole. Most 
of these suggestions have been made as a result of studies upon uni- 
formly planted and treated fields, where the effects of variability qf the 
Xilants and soils could be studied in various years. Such studies have' 
indicated that the extent and nature of the variations which have been 
observed differ in different plantings, and that each field presents some 
special problems. The variability of trees emphasizes the importance 
of similar observations in experimental orchards. It appears that each 
orchard used for experimental purposes should be individually studied. 

It is the purpose of this study to determine, in part^ the nature of 
the variations that exist in an experimental orchard which has been 
maintained a number of years under conditions Of uniform culture. The 
bearing which this may have upon the efficacy of certain methods of 
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interpreting the results of the trials to be made upon this orchard, in 
relation to the manner of laying out the experiment, will be touched 
upon. The plan of an experiment will also be presented, which, it is 
hoi)ed, may throw some light upon the problems involved in field trials 
with orchard trees and upon methods of minimizing their seriousness. 

MATERIAL 

As a result of the studies of Batchelor and Reed^^^ upon the variabil- 
ity of fruit trees, it appeared to them that ol)servations might x^rofitably 
be made ux)on the variability of trees destined for exi)erimental use, 
while they are under a condition of uniform treatment, and x)rior to the 
beginning of the experiment. Therefore, in accordance w^ith this idea 
and tlieir other findings, an orchard of Washington Navel oranges was 
])laMted in 1917 at the Universit^^ of California Citrus Experiment 
Station at Riverside, The ultimate purpose w^as to install a series of 
fertilizer trials in tliis orchard. ']’'he orchard was maintained under con- 
ditions of uniform culture for a x>eriod of ten years. The results of 
certain studies made ux)on data obtained from it are rex)orted here. 

. Only a brief review of the plan and history of the exx)erimeiital 
orchard is necessary for an understanding of the xwesent x)ai)er. A more 
detailed account of the x)lan and history of the orchard has been pub- 
lished elsewhere by Batchelor, Barker, and JMcBride.^'’’^ 

■ In order to increase the accuracy of future trials, every x)ractical 
means w^as emx)loyed to make the x^lanting as uniform as x)ossibie. Land 
w^as selected wdiich had been used for dry-fanning grain culture from 
the time it wuis first cleared in 1875 until 1917, wdien the trees w^ere 
X)lanted. No leveling or grading w^as ever done purposely on this land. 

Particular attention was x)aid to tlie selection of tr('es for this x^lant- 
ing. Seedling rootstocks of sweet orange {Ciirus sinensis) were used 
which had been culled three times to eliminate noiivigorous and unde- 
sirable tyx)es. The trees to form the exx)erimental row^s were budded 
to the Washington Navel variety. The buds were carefully selected 
from X)roductive trees w^liose x^erformance records w’ ere knowui. 

Eight Washington Navel orange trees in a single row constitute a 
Xdot. A Valencia orange tree w^is xdanted as a border tree at the ux)per 
end of each, plot row and a grapefruit tree at the lower end. Each two 
adjacent test row^s of Navel oranges are separated by a guard row of 
Valencia oranges and grapefruit, which alternate in the guard row. 
PjDrty per cent of the trees are, therefore, test trees. The planting dis- 
tance is 20 feet in the row and 24 feet betw^een row^s. Each test and each 
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guard tree occupies 0.011 acre. Each plot treatment is extended to the 
middle of each adjoining guard row, and also 10 feet past thg end guard 
trees so diat the treated area for each plot is thus equal to that occupied 
by 20 trees, 9,600 square feet, or 0.22 acre. The 199 plots occupy 43.86 
acres. The arrangement of the trees in the plots and guard rows is given 
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Pig. 1. ArraJigement of trees in plot and guard rows. iV Washington Navel 
orange ; V ~ Valeneia orange ; G = Marsh grapefruit. 


in figure 1. In planting the trees, an effort was made to mix them so 
that trees from every section of the nursery should be planted at random 
in the orchard. 

The plots were planted in 1917 in 10 blocks which are lettered from 
D to M inclusive. The blocks consist of 12 to 27 plots each. The plot rows 
are numbered with even numbers in each block while the guard rows are 
numbered with odd numbers. The arrangement of the blocks and plots 
is shown in figure 2. 

The slope of the land averages 1.6 per cent, and is, on the whole, fairly 
uniform, as shown in figure 3. 
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Fig. 2. Plan of experimental field showing arrangement of blocks and plots. 
(From Bui. 451. 
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Fig. 3. Contour map of experimental area. Interval between contours equals 
1 foot. 
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Irrigation systems have been installed so that each block is provided 
with a pipe line. This has made it possible to irrigate each block or even 


TABLE 1 

Frequency Distribution of Yields of Individual Trees for Eaoh Year, 

1921 TO 1927* 


Yield 

in 

pounds 

Number 
of trees, 
1921 

Yield 

in 

pounds 

Year 

1922 

1923 

1924 

1925 

1926 

1927 

Number of tribes 

0-4 

226 

0-9 

3 






5-9 

168 

10-19 

9 

9 





1014 

171 

20-29 

1 24 

28 



2 

1 

15U9 

143 

30-39 

33 

70 


I 

3 

1 

20-24 

157 

40-49 

102 

113 

1 

1 

10 

1 

25 29 

196 

50-59 

155 

211 

0 

4 

12 

2 

30 34 

217 

60()9 

151 

248 

4 

7 

24 

2 

35-39 

67 

70-79 

127 

264 

5 

8 

54 

9 

40-44 

114 

80-89 

363 

199 

13 

29 

102 

15 

4549 

31 

90 99 

165 

156 

36 

49 

118 

22 

50-54 

13 

100 109 

136 

112 

55 

81 

156 

19 

55-59 

5 

110-119 

126 

64 

63 

146 

175 

39 

60 04 

I 

120-129 

84 

34 

94 

176 

185 

61 



130-139 

20 

6 

148 

206 

158 

98 



140-149 

14 

2 

175 

216 

151 

117 



150-159 

2 


167 

191 

109 

134 



160 169 

1 


185 

172 

72 

185 



170-179 



157 

114 

54 

184 



180- 189 



150 

63 

42 

178 



190-199 



96 

27 

36 

143 



200^209 



83 

18 

22 

125 



210-219 



40 

7 

20 

79 



220-229 



27 

3 

6 

53 



230-239 



8 


2 

26 



240-249 



5 


2 

8 



250-259 



0 


2 

9 



260-269 



0 



5 



270-279 



1 






280-289 



1 






290^-299 



2 






300 309 



0 






310-319 



1 




Total 

1,509 

Total 

1,516 

1,516 

1,517 

1,519 

1,517 

1,516 

Mean 

pounds 


pounds 

pounds 

pounds 

pounds 

pounds 

pounds 

yield 

20.91 


82 25 

73 44 

158 90 

141 45 

127.55 

170 50 

per tree 

=h0.234 


dbO.453 

±0.404 

±0 576 

±0 482 

±0.617 

±0 603 


* Crop picked in the spring of years mentioned. 


each row separately, according to the condition of the soil in the various 
sections of the field. 

The entire orchard was maintained with uniform culture until the 
spring of 1927. During this preliminary period great care was taken to 
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TABLE 2 

CORFFKHENTS OF VARIATION OF YlELIXS OF InOIVIOUAL TKEES 


Year 

Coefficient of 
variation, 
per cent 

1921 

64 35d:l 07 

1922 

31 79db0 43 

1923 

31 78:lr0 43 

1924 

20 93rL0 27 

1925 

19 71 ±0 26 

1926 

27 93^0 37 

1927 

20 41iO 26 


TABLE 3 

Mean YmLO in Pounds per Tree for Each Plot, 1921 


riot 

M 

L 

K 

J 

I 

H 

G 

F 

E 

D 

2 

18 

34 

27 

28 

15 




9 

25 

4 

22 

35 

19 

22 

40 




7 

24 

6 

29 

36 

35 

24 

40 




12 

19 

8 . 

14 

36 

34 

24 

31 




15 

15 

10 

23 

31 

20 

14 

16 




19 

12 

12 

30 

10 

25 

28 

12 




13 

17 

14 

12 

23 

32 

32 

13 

15 



17 

19 

16 

19 

30 

27 

21 

14 

19 



13 

20 

18 

15 

33 

27 

32 

20 

23 



13 

6 

20 

16 

22 

24 

28 

15 

21 



9 

18 

22 

15 

31 

19 

28 

28 

20 

10 


19 

11 

24 

25 

* 

21 

34 

22 

17 

18 


24 

20 

26 

20 

25 

28 

36 

23 

28 

19 



14 

28 

23 

24 

24 

37 

20 

29 

18 



18 

30 

32 

28 

32 

36 

37 

38 

24 



21 

32 

30 

33 

29 

23 

21 

1 26 

18 

! 23 


18 

34 

22 

* 

29 

34 

12 

27 

26 

! 19 


15 

36 

20 

27 

31 

15 

27 

25 

20 

14 


12 

38 

18 

22 

17 

24 

16 

23 

20 

15 


17 

40 

20 

22 

24 

20 

26 

37 

22 

13 


7 

42 

21 

25 

27 

28 

26 

26 

32 

16 


5 

44 

14 

17 

21 

31 

24 

t 

21 

23 


5 

46 






15 

16 

11 


6 

48 






15 

11 

7 


4 

60 






13 

10 

8 


5 

62 






16 

12 

4 


7 

64 






5 

t 

# 


7 


* Plot* oniitted because of injury to trees- 
t Omitted from present calculations because of injury. 
% Fruit stolen. 
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give all trees the same attention. The various orchard practices were 
carried out with moderation. Pruning was very light, only enough being 
done to build trees of good structure and to remove dead wood. Con- 
siderable attention was \mid to the elimination of accidental factors 
which might affect yield. Careful examinations of all trees were made 
periodically fo-r accidental defects and disease. In addition, study was 

TABLE 4 

Mean Yield in Pounds per Tree for Each Plot, 1922 


Blocks 

Plot 

M h K J I H G F E D 


2 66 88 75 89 90 41 71 

4 76 86 79 82 112 36 64 

6 87 97 81 82 123 4 7 64 

8 61 93 80 93 104 66 68 

10 69 92 91 83 91 63 68 

12 86 75 100 120 85 60 63 

14 65 82 111 108 75 100 65 73 

16 66 95 106 89 83 104 63 77 

18 59 96 97 102 89 105 59 49 

20 59 73 95 106 85 98 44 66 

22 60 95 93 98 105 76 75 57 55 

24 68 * 82 103 82 89 97 74 73 

26 58 85 78 108 93 101 77 75 

28 72 72 78 115 88 115 103 58 

30 84 88 97 105 114 125 95 82 

32 78 86 102 84 78 107 80 111 77 

34 . . 62 * 87 108 68 104 100 93 72 

36 . .. 77 93 91 81 117 101 84 93 67 

38 70 72 61 70 87 99 96 88 88 

40 75 76 80 68 90 110 94 82 58 

42 68 80 92 92 93 94 105 98 57 

44 62 79 78 64 83 t 93 104 58 

46 86 97 91 46 

48 88 84 91 51 

50 83 79 82 61 

52 83 89 78 62 

64 66 66 * 47 


* Plots omitted because of injury to trees, 
t Omitted from present calculations because of injury. 

undertaken to analyze the causes of the differences in yields which were 
recorded. This consisted of systematic soil surveys, studies on soil 
moisture, determination of soil nitrates, and inspection for differences 
in relative infestation of the citrus nematode TylenchtUus semipene- 
trans, in high and low-yielding plots. None of these factors was con- 
sidered to be the primary cause of the variations in yield. 

During the period until the Washington Navel orange crop was 
harvested in the spring of 1927, the responses of the test trees were 
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measured by three criteria. These were: (1) the volume of the top of 
the tree expressed in cubic feet (determined by a canvas drawn over the 
top of the tree) ; (2) the area of the cross section of the trunk of the tree 
at a marked point ; and (3) the yield of the trees. The yields during the 
first two years, 1921 and ] 922, were taken carefully on a volume basis. 
One-tenth of a picking box was used as a unit. Tills value w^as later iniil- 


TABLK 5 

Mean Yield in Pounds per. Tree for Eacti FiiO'r, 1923 



Plots oiuitted because of injury to trees, 
t Omitted from present calculations because of injury. 


tiplied by the average value for the weight of this volume of fruit (4.244 
pounds) so that the yield might be expressed in pounds. Beginning 
with 1923, the total amount of fruit produced by each tree, including 
windfalls, was weighed. 

The yields for the period of seven years, 1921 to 1927 inclusive, were 
obtained prior to the time of applying the various fertilizer treatments 
in 1927. Considering the field as a unifonnity, or blank, experiment, the 
data have been subjected to a study of some factors which might influ- 
ence the accuracy of the future trials. 
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The records of all normal trees of the same age are recorded for the 
purpose of this study. Certain trees, during the course of ten years, 
have naturally suffered from accidental causes, particularly from 
gopher injury, trunk and root diseases, and cultivation accidents. Some 
of these trees have been replaced b.y young ones, the records of which 
are omitted here. Others have recovered to a normal condition and their 

TABLE 6 

Mean Yield in J*ounds per Tree for Each Plot, 1924 


I'lOl 

M 

I. 

K 


1 

II 

G 

I*’ 

E 

D 

2 - 

105 

133 

120 

136 

149 




140 

165 

4 

109 

114 

145 

126 

145 




198 

184 

0 

142 

132 

135 

125 

162 




179 

209 

8. 

104 

130 

118 

149 

171 




189 

179 

10 

119 

138 

142 

135 

146 




179 

180 

12 

114 

127 

140 

161 

151 




189 

191 

14 

113 

146 

169 

158 

143 

175 



177 

203 

10 

127 

154 

165 

161 

153 

175 



120 

138 

18 

no 

126 

138 

163 

156 

173 



159 

142 

20 

122 

146 

159 

171 

165 

181 



151 

141 

22 

124 

179 

163 

179 

183 

156 

171 


161 

159 

24 

138 

* 

153 

141 

158 

153 

107 


152 

14! 

26 

122 

145 

120 1 

127 

147 

147 

131 



157 

28 

143 

164 

164 i 

166 

172 

186 

199 



1 55 

30 

129 1 

166 

190 

162 1 

196 

203 

182 



174 

32 

149 

156 

167 

168 

162 1 

160 

186 

189 


188 

34 

142 

* 

172 

158 

142 

181 

174 

150 


157 

36 

153 1 

172 

187 

193 

186 

185 

174 

162 


171 

38 

143 

167 

146 

159 

172 

179 

192 

159 


148 

40 

134 

158 

158 

176 

175 

191 

177 

157 


160 

42 

128 

140 

189 

178 

177 

178 

193 

180 


158 

44 

117 

137 

172 

1 171 

153 

t 

191 

198 


181 

46 






169 

184 

184 


188 

48 






150 

190 

177 


149 

50 . .. . 






168 

172 

163 


, 136 

52 






147 

191 

193 


160 

54 






157 

182 

* 


140 


* Plots omitted borause of injury to trei>8. 
t Oiiiitted from present calculations because of injury. 


records, which were temporarily excluded from the calculations, are 
included in the later years. All obvious cases of bud-mutation have been 
eliminated. The elimination of the records of 7 abnormal trees, only, has 
been necessitated by factors of an unknown nature. The effect of dele- 
tion of the yield of abnormal trees upon total plot yield has been com- 
pensated for by considering the plot yields on the basis of mean yields 
per tree. This piticedure gives eipial weight to the records of individual 
plots when they are combined. 
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When there were more than 4 abnormal treea in any one plot> the 
entire plot was eliminated from the records for the purposes of the 
present study. Pour plots were eliminated for this reason during the 
entire pericxl, and in addition, 1 plot was eliminated in the year 1921 
because of the theft of the matured fruit. Two plots contain only 4 

TABLE 7 

Mean Yield in Pounds per. Tree for Each Plot, 1925 


Blocks 


Plot 

M 

L 

K 

J 

I 

H 

G 

F 

E 

D 

2 

121 

138 

125 

128 

145 




109 

115 

4 

116 

135 

136 

125 

151 




152 

150 

6 

129 

132 

136 

114 

171 




120 

138 

8 

95 

126 

121 

140 

164 




156 

148 

10 

115 

120 

128 

124 

145 




138 

138 

12 

113 

134 

129 

145 

141 




160 

148 

14 

107 

158 

149 

149 

131 

168 



129 

136 

Iti 

119 

143 

143 

134 

123 

161 



105 

101 

18 

105 

133 

130 

122 

135 

145 



138 

102 

20 

106 

132 

136 

155 

135 

151 



124 

103 

22 

109 

141 

148 

144 

153 

127 

140 


142 

139 

24 

115 

♦ 

133 

127 

116 

139 

145 


135 

115 

26 

101 

116 

100 

108 

116 

120 

116 



151 

28 

131 

128 

143 

136 

149 

158 

161 



126 

30 

121 

147 

159 

140 

! 166 

181 

1 159 



152 

32 

138 

146 

151 

158 

1 140 

142 

j 161 

201 


150 

34 

129 

* 

153 

150 

134 

I 170 

155 

155 


125 

36 

157 

163 

174 

175 

158 

i 168 

149 

176 


146 

38 

133 

153 

138 

156 

152 

166 

170 

159 


144 

40 

137 

153 

156 

166 

171 

i 

158 

160 


116 

42 

127 

143 

187 

170 

157 

160 

164 

165 


158 

44 

126 

142 

157 

166 

140 

' t 

152 

179 


164 

46 






138 

166 

171 


141 

48 






140 

168 

163 


129 

60 






153 

147 

153 


117 

62 






137 

176 

170 


124 

64 






123 

149 

• 


115 


* Plots omitted betsause of injtiry to trees, 
t Oiiiitiod from present calculations bwause of injury. 


normal trees, 1 contains 5, from 5 to 7 plots contain 6 in various years, 
and from 18 to 22 contain 7, while from 164 to 167 plots contain the 
f ull number, 8 trees. 

STUDIES OP VARIABILITY OP YIELDS 
Munson was among the earliest investigators to call attention 
to the marked difference in the yield of trees given the same cultural 
care. More recently the extent of the normal variation existing in 
uniformly treated orchards has been studied statistically by several 
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authors. Arnoug these are Pickering/ Batchelor and Reed/^^ Sax and 
Gowen/^®^ Grantham and Knapp/'^^ Anthony and Waring/^^ and 
Gadd.^^^^ Although the plantings studied have generally been selected 
for experimental purposes, and many of them have probably been more 
uniform than the average of commercial orchards, the results obtained 

TABLE 8 

Mean Yield in Pounds pbir Tree for EAtru Plot, 1926 


Blocks 



M 

L 

K 

J 

I 

H 

G 

F 

E 

D 

2 

72 

81 

86 

90 

103 




113 

133 

4 

75 

93 

111 

08 

106 




128 

152 

6 

96 

78 

! 95 

103 

! 119 




115 

141 

8 

62 

109 

1 84 

110 

1 107 




143 

144 

10 

77 

92 

97 

109 

126 




134 

134 

12 

93 

j 93 

114 

131 

113 




122 

126 

14 

79 

i 107 

121 

122 

101 

123 



126 

137 

16 

76 

85 

107 

no 

106 

101 



97 

101 

18 

75 

96 

99 

no 

116 

126 



131 

115 

20 

86 

106 

115 

131 

127 

112 



121 

109 

22 

94 

124 1 

122 

122 

136 

112 

no 


120 

124 

24 

103 

* j 

112 

103 

93 

87 

109 


117 i 

128 

26 

97 

118 

96 

93 

95 1 

89 

77 



150 

28 

108 

121 

115 

107 

117 1 

no 

126 



133 

30 

94 

129 

141 

124 

151 

133 

143 



143 

32 

126 

135 

130 

128 

117 

115 

133 

156 


154 

34 

146 


151 

128 

128 

129 

140 

130 


148 

36 

160 

164 

142 

155 

132 

128 

130 

148 


152 

38 

129 

166 

128 

135 

141 

141 

155 

136 


146 

40 

139 

166 

149 

166 

144 

150 

126 

141 


147 

42 

122 

142 

185 

154 

146 

152 

179 

192 


182 

44 

125 

139 

171 

153 

139 ; 

t 

170 

199 


166 

46 






148 

199 

212 


195 

48 






163 

180 

161 


153 

60 






167 

189 

169 


142 

62 






136 

177 

185 


145 

64 i 




1 

! 


152 

180 

* 


133 


• Plots omit tod because of injury to trees, 
t Omitted from present calculations because of injury. 


have caused these authors to emphasize the magnitude of chance varia- 
tions. The results also show that the extent of fortuitous variations is 
itself very different in the various orchards. Thus the coefficient of 
variation of individual trees has been reported to lie within the ex- 
tremely broad range from 19.66 per cent (73 Jonathan apple trees for 
thirteen years, data of Anthony and Waring^’^) to 89.6 per cent (882 
Ben Davis apple trees for 1918 only, reported by Sax and GoweiP^^O- 
The majority of the coefficients given by Batchelor and Reed/^^ and by 
Anthony and Waring, lie between 80 and 50 per cent. The limited 
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data of this nature which are available suggest that the extent of varia- 
tion fluctuates within different limits for each planting in various 
seasons. A knowledge of the characteristics of each orchard would 
apparently, therefore, be an aid in the i->lanning of experimental work 
and the interpretation of the results obtained. 

TABLE 9 

Mean Yield in I^ounds per Tree for Each Pta)t, 1927 


Blocks 


J lOl, 

M 

L 

K 

J 

I 

H 

G 

F 

E 

D 

2 

108 

104 

107 

103 

128 




138 

159 

4 

128 

152 

169 

129 

144 




165 

188 

6 

136 

m 

156 

114 

183 




156 

204 

8 

107 

153 

146 

129 

157 




192 

210 

10 

145 

162 

174 

135 

168 




184 

169 

12 

134 

168 

179 

134 

132 




206 

184 

14 

159 

180 

186 

145 

146 

170 



203 

173 

16 

154 

167 

170 

144 

140 

182 



139 

145 

18 

159 

180 

145 

152 

164 

186 



179 

160 

20 

152 

177 

187 

164 

167 

181 



189 

157 

22 

135 

180 

185 

186 

163 

162 

161 


187 

199 

24 

114 


186 

185 

154 

158 

159 


157 

209 

26 . 

135 

173 

168 

100 

186 

171 

172 



183 

28 

183 

157 

181 

177 

172 

180 

166 



165 

80 

167 

164 

186 

174 

193 

194 

168 



188 

32 

195 

158 

165 

185 

178 

172 

159 

180 


178 

34 

177 

* 

190 

182 

187 

176 

163 

191 


188 

36 

188 

202 

193 

186 

203 

193 

152 

193 


191 

38 

170 

186 

172 

155 

177 1 

187 

186 , 

171 


181 

40 

160 

217 

182 

180 

187 

188 

168 

187 


168 

42 

154 

198 

205 

195 

204 

183 

205 

214 


198 

44 

141 

189 

206 

181 

181 1 

t 

185 

210 


219 

46 !- 






178 

209 

201 


216 

48 






174 

197 

173 


162 

50 






163 

184 

166 


172 

52 






136 

179 

187 


168 

54 






118 

160 

* 


152 


* Plots omitted because f)f injury to trees, 
t Omitted from i)re8ent calculations because of injury. 


VARIABILITY OF TREE YIELDS 

The frequency distributions of yields of single trees of the planting 
under consideration are given in table 1 for the years 1921 to 1927 
inclusive. During 1921 the trees produced the initial crop. Many trees 
produced less than 10 pounds per tree, and a considerable proportion 
of the trees produced nothing. (See table 3.) Inspection of table 1 
indicates that in each year, except 1921, distributions were obtained 
which approach the distribution of the normal. jurve. In the years 
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1922 to 1927 inclusive, the application of the methods of statistics, based 
upon the assumption of a normal distribution to the problems under- 
taken, is apparently valid. 

The coefficients of variation for annual yields of single trees in the 
seven years are given in table 2. In calculating them, the usual formula^’ 
for the coefficient was used, regardless of the type of the frequency 
distribution. 

The first striking fact noted is, perhaps, the extremely large amount 
of variation of yields during the first year, 1921. In subsequent years 
the coefficients are less than half that of the first year. A tendency for 
the coefficients to be smaller after the third crop has been harvested is 
also shown. With the exception of 1926, the coefficients are about equal 
for the last four years of the period. The year 1926 was one of rather 
small crops, and it is probable that the influences reducing the size of 
crop that year may have been efi'eetive in increasing the variation. 

If the coefficients for the year 1921 are excluded, the mean of the 
constants for the remaining six j^ears is 2 5.4 pe r aent. In most of the 
orchards for which data on variability are available, the trees have been 
adjacent to each other. Although planting distances have varied in 
such trials, the trees have usually been larger and had a more extensive 
root system, so that the actual areas between test trees may have been 
comparatively small. In the prescmt case, however, the field covers a 
relatively large area, and the test trees are only 40 per cent of the entire 
number. It is logical to a.ssume that the use of an increased area of land 
(necessitated by the use of guard rows) would ordinarily cause an 
increase in variation of the test trees, by virtue of this greater disper- 
sion. The relatively low coefficients obtained, therefore, are considered 
as evidence indicating the effectiveness of the original plan and the 
management of the planting in obtaining an uncommonly uniform 
orchard. 


VARIABILITY OF PIA)T YIEIiDS 

The mean yields per normal tree of each plot for the seven years, 
1921 to 1927 inclusive, are given in tables 3 to 9. The frequency dis- 
tributions of these mean yields are presented in table 10. 

The type of distribution obtained for yields of the year 1921 on a 
plot basis (table 10) is markedly in contrast with that obtained on a 
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tree basis for the same year (table 1). It is evident that trees of zero 
or very low productivity were not as a rule grouped together in local 
areas. 

For the years 1922 to 1927 inclusive, the distributions on a plot basis 
approach the distribution of the normal curve. The use of the usual 


TABLE 10 

FnEQUENeY Distribution of YrELi>s per Tree per Plot for Each Year, 

1921 TO 1927 


Mean 
yield 
per tree 
per plot, 
pounds 

N umber 
of plots, 
1921 

Mean 
yield 
per tree 
per plot , 
pounds 



Year 



1922 

1923 

1924 

1925 

1926 

1927 

Number of plots 

0-4 

2 

30-39 

1 






5-9 

14 

40-49 

6 

7 





10-14 

24 

60 59 

13 

28 





16-19 

43 

60 69 

28 

44 



1 


20-24 

48 

70 79 

33 

53 



8 


25-29 

31 

80 89 

44 

44 



7 


30-34 

20 

90 99 

36 

11 


1 

19 


35-39 

10 

100 109 

23 

7 

3 

12 

19 

5 

40 44 

2 

no 119 

8 

1 

7 

15 

23 

3 



120-129 

3 


14 

29 

32 

4 



130-139 



14 

32 

23 

10 



140-149 



80 

35 

23 

10 



150-159 



33 

37 

17 

25 



160 169 



24 

18 

8 

30 



170 179 



31 

13 

4 

27 



180 189 



22 

2 

6 

48 



190 199 



14 

0 

4 

15 



200 209 



3 

1 

0 

13 



210 219 





1 

5 

Total 

194 

Total 

195 

195 

195 

196 

195 

195 

Mean 
yield 
I>er tree 
per plot 

poll rid if 
21.2±0 39 

Mean yield 
per tree 
per plot 

pcninda 

82 5=fc 

0 87 

pounds 

73 0d= 

0 67 

pounds 
158 6db 

1 10 

pounds 
141 3d: 

0 97 

pounds 
127 2db 

1 39 

pounds 
170 l± 

1 15 


statistical methods is apparently justifiable with this material in these 
years. The distributions are not so smooth as the ones for the yields of 
individual treCvS in the same years (table 1), however, a condition 
which is probably due to the smaller number of individuals in the 
populations. 

The extent of variation as measured by the coefficient of variation 
has been determined for the mean yield per tree for each plot, during the 
respective years. The constants obtained are presented in table 11. It 
may be noted that the coefficients show the same trend as those obtained 
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for yields of single trees in the corresponding years (table 2) . They are, 
however, all lower on a plot-mean basis than on the basis of individual 
trees. 

If the yields of the trees were such that they were dLstributed at 
random throughout the orchard, the coefficient of variation of the plots 
{Cp) should tend to approximate the values given by the formula 



where n is the number of trees per plot and Ct the coefficient of variation 
of tree yields. The theoretical coefficients of variation calculated by 
this formula (table 11) may be compared with the values actually 
found. One may observe that in each year the actual variation is greater 
than the theoretical. From this it is evident that a degree of correlation 
exists between the yields of trees of the same plots, because of the influ- 
ence of some factor whicli tends to ecpialize their yields. 

It is possible to determine the extent of the correlation between 
yields of trees of the same i)lot by means of the formulas for intraclass 
correlation developed by Harris-^'^ for use as a criterion of the homo- 
geneity of flelds. Application of his formula^^ resulted in the constants 
recorded in table 12. 

A very significant positive correlation is seen to exist between the 
yields of trees of the same plots in each year. The mean correlation for 

® On account of the varying number of trees in the plots the formula used was: 

{ [S(C„^)-S(p^)]-^2[n(n-l) ]\-p 2 

where p==S[(n— l)p]-^S[n(n— 1) ] 

1 V 

m which 

Tp^pa == mean correlation between the yields of trees of the same plot 
Cp =» total yield of plots 
p = yield of individual trees 
n ^ number of p in the proi)er plot 
P =» mean of yields of trees 

The constants were calculated from actual values. It was originally thought 
that the process should be materially simplified and that they could be calculated 
from grouped data in which trees in plots of either 8, 7, 6, 5, or 4 trees each, were 
distributed separately, and plot yields were also so distributed. It was found, how- 
ever, that grouping reduced values for<rp* markedly, and values obtained for 
were too high. 

The coefficients for 1921 and 1922 were determined from records of yield ba^d 
on a volumetric unit, since it was thought that the use of the factor in converting 
volume records to weight might have introduced a certain degree of correlation into 
the distributions. Thu* appeared to be»the case; for when the calculated weights 
were used, the values oi rpipf found were slightly, if not significantly, higher, being 
4-0.353=^0.015 for 1921, and 4*0*298 =^0,016 for 1922. 
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the seven years is + 0.332. The high correlation of 4“ 0.537 db 0.012 
which existed in 1926, a year in which yields were below normal, sng* 
gests that the crop that year in the experimental orchard was influenced 
to an unusual extent by circumstances which affected some regions in 
the field more than it did others. Variation was also greater in 1926 
than in any other year from 1923 to 1927. 

TABLE 11 

Coefficients of Variation op Yieu>s or Plots 


Year 

Observed 
coefficient of varia- 
tion, i>er cent 

Theoretical 

per cent 

1921 

37 51±1 45 

22 76 

1922 

21.68Hb0 77 

11 24 ' 

1923 

19 03±0 67 

1 1 24 

1924 

14 36db0 50 

7 40 

1925 

14.16:1:0 49 

6 97 

1926 

22 58zfc0 81 

9 88 

1927 

13.95±0.49 

7 22 



TABLE 12 

Coefficients for Intraclass Correlation* of Yield of Trees within Their 

Respective Plots 


Year 

Coefficient of 
correlation 

1921 

+0 316=fc0 016 

1922 

+0 269rt0 016 

1923 

+0.132±0 017 

1924 

-bO 340d:0 016 

1925 

-fO 370=b0 016 

1926 

+0 537±0 012 

1927 

+0 369=b0 016 

Mean 

-f 0 332 


• Calculated according to Harris’ formulas. 


When the average coefficient of correlation (r) between the trees of 
the plots is known, it is possible to calculate the expected coefficient of 
variation of the plots (Ccp ) on the basis of the observed variation of the 
individual trees ( Cp ) as given in table 2. This has been done by means 
of the formula (after Yule^'^^ p. 286), 

a=^[l+(n-])r], 


n 
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using the coefBcients noted above in table 12. The calculated values for 
the coefficient of variation are given in table 13. They differ slightly 
from the observed constants given in table 11, but are of the same order. 

The correlations which exist between the yields of trees in the same 
plot emphasize the magnitude of systematic variation in the annual 
yields of the trees of this planting. As an effort was made to plant the 
trees at random, there appears to be no principal factor other than soil 
differences which would cause this type of correlated variation. The 
importance of soil variability is, therefore, stressed. In the Harris coeffi- 
cients of intraclass correlation, there is a suggestion that this influence 


TABLE 13 

OaLCULATED COEFFIUENTS OF VARIATION OP PLOTS BaBEO UPON THE VARIABILITY OP 

Individual Trees and the Intraclass Correlation 


'V'ear 

Coefficient 
of variation, 
per cent 

1921, 

40 60 

1922 

19 08 

1923 

15 59 

1924 . . 

13 60 

1925 

13 20 

1929 

21 54 

1927 

13 52 


1 


may be more apparent in some years than in others. It is reasonable to 
assume from this information that if some areas maintain more vigorous 
trees than others, they will not suffer to the same extent in years of cli- 
matic stress. Soil differences, therefore, may be relatively more effective 
in causing systematic variation under adverse conditions. 


VARIATION IN DIFFERENT YEARS 

The practical value of the uniformity experiment lies partly in the 
fact that it may disclose areas of land which are not fitted for experi- 
mental purposes. In the areas which are suitable, it ma.y also give some 
knowledge of the variability existing during the period of observation. 
The application of the latter information to the future trials rests 
upon the assumption that the extent of the variation and hence, pre- 
sumably, the nature of the variations, will tend to be approximately the 
same in different years or periods. 
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Fig. 4. Mean annual yield per tree for eaeh plot in Blocks D, E, and F in per- 
centage of the respective annual mean of the 195 plots of the orchard, for the years 
1921 to 1927. 

The data given for the variability of trees and plots of the orchard 
under discussion indicate, if the records of 1921 are not considered, that 
although there is some fluctuation in the coefficients of variation in. 
individual years, there is a tendency for the annual gross variation to 
be of somewhat the >same order. Sinular conclusions were reached hy 
Batchelor and Reed^^^ and are made apparent by a study of the data of 
Sax and Gowen^^®^ on the variability of several orchards, Tho questioia 
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Fig. 5. Mean annual yield i)er tree for each plot in Blocks G, H, and I in per- 
centage of the respective annual moan of the 195 plots of the orchard, for the years 
1921 to 1927, 

naturally arises as to whether this tendency towards somewhat constant 
gross variation is due to more or less consistent difference's in relative 
yield of various plots and trees, or whether the individual fluctuations 
in yield are due to mere chance. 

A comparison of the annual production of fruit of individual plots 
of all blocks of the orchard under discussion is given in figures 4, 5, 
and 6. In order to place the data on a comparable basis, the mean 
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Fig. 6. Mean annual yield per tree for each plot in Blocks J, K, L, and M in per- 
centage of the respective annual mean of the 195 plots of the orchard, for the years 
1921 to 1927. 
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yields per tree of each plot are expressed in percentage of the mean 
yield per tree of all plots for the entire field for the proper year. With 
the exception of the yields of 1921, a tendency for individual plots to 
yield within a somewhat limited range is ohserved. This is particularly 
marked for the yields of 1924 to 1927 inclusive. The relative yields of 
the plots in 1922 and 1923 depart considerably from the values for 
later years, but these departures are of much less magnitude than those 
obser\^ed for the year 1921. 

The tendency of the plots of this comparatively uniform orchard to 
yield about the same ri^lative amount of fruit in the years 1922 to 1927 
inclusive, can be emphasized by the calculation of the errors of the 
relative yields. Using the figures of the mean annual yield [)er tree per 
plot expressed in percentage of the mean plot yield of each year, which 
are plotted in figures 4, 5, and 6, the average probable error of the yield 
of a single plot in one year is given by the formula : 

E. = ± 0.0745 2 ( 

\ n 

where N 

7^;,^ mr. average probable error of the yield of a single plot about the 
mean yield of that ])lot in percentage of the mean annual j^lot yield 
(i zz- deviation of the yield of each i)lot in each year from tlie guessed 
mean percentage yield of that plot 

c = correction to the guessed mean yield of the plot 
A' — number of plots (195) 
n™- number of years (6) 



Calculation by the above formula, using the data indicated, shows that 
the average probable error of the yield of a single plot in any one year, 
around its own mean yield (fi'.y), equals 8.46 per cent of the mean yield 
of all plots. If the yields of all six years are combined to obtain the 
average probable error of the mean yield per tree for each ])lot for the 
six-year period, 1922 to 1927 inclusive, which may be called Em, then, 


assuming a normal distribution, E„ 


SM 

V6^ 


: 3.29 |)er cent of the mean 


plot yield for this period. With this information available, it is evident 
by inspection of figures 4, 5, and 6 that there is a tendency for the plots 
to yield about the same relative amounts, and that there Avere significant 
ditferences in mean yield between many of the plots during the prelimi- 
nary period of testing. 
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For measuring the interannual relations between the responses of 
plants, iJarris^^'^^ has urged the use of the coefBcient of eorrelation. 
Hams and Scofield have applied the method to the study of the 
permanence of yields of field crops. They find that in general there is 
a positive correlation between the yields of plots throughout a term of 
years, but that the correlation is influenced by weather conditions and 
by the nature of the rotation of the crops. Following the same pro- 
cedure, Sax and Gowen^^’^^ found that with apple trees on their experi- 
mental farm a high eorrelation exists between yields of the same trees 
over a period of five years. They reported similar findings as a result 
of studies of data of Hedrick and Anthony for apples, and of data 
of Shamel, Scott, and Pomeroy^^^» for Washington Navel and for 
Valencia oranges. Collison and Harlan’ have recently published simi- 


TABLE 14 

Jnterannual Correlation Coefficients for Yields of Individoal Treks 



1922 

1923 

1924 

1925 

1926 

1927 

1921 

1922 

1923 

1924 

1925 

1926 

-fO 637=t:0 010 

+0 260±0 016 
^ 0 307±0 016 

-0 173±0 017 
+0 324d=D 016 
+0 595:i.O OH 

+0 170±0 017 
4-0 4S5dbO 014 
4-0 415±0 014 
4-0 085db0 009 

-0 171±0 017 
4-0 069dr0 017 
+0 347±0 015 
4-0 532±0 012 
+0 560±0 017 

~0 083:t0 017 
+0 153±0 017 
4-0 255d:0 016 
4-0 468:1:0 014 
4-0 488±0 013 
4-0 636±0 012 


larly high interannual correlations in jdeld of trees of the experiment 
station at Geneva, New York. 

In order to determine the relation of the yield of one year to that of 
the other years for the present orchard, the possible interannual corre- 
lations of yield of individual trees have been calculated. These are 
presented in table 14. 

With the exception of the yields of 1921 as compared with those of 
the other years, significantly positive correlations were found. Correla- 
tions involving yields of 1921 showed considerable irregularity, ranging 
from a very significant positive coefBcient wdth yields of trees in 1922 to 
significant negative correlations in three of the subsequent years. No 
consistent relation of the yields of 1921 with those of later years is 
indicated b^^ the data. 

Correlations obtained for the yields of trees in 1922 with the yields 
in following years are all significantly positive, although one correlation 
(with the yields harvested in 1926) is relatively low, being only slightly 
larger than four times its probable error. All the possible eorrelatioM 
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found for yields in 1923 with those of subsequent years are positive, 
high, and significant. There is a suggestion that the magnitude of the 
correlations decreases with time, however, for the correlations between 
yields of consecutive years were found to be largest, while the correla- 
tions decrease slowly as comparisons are drawn with more remote years. 
There are no irregularities of such magnitude as those noted for corre- 
lations involving yields of the first year. The next most erratic behavior 
is for correlations involving yields of the year 1922. 

The calculation of interannual correlations for the yields per tree 
of plots makes similar facts manifest. The coefficients obtained on a 
plot basis are of the same order as those obtained on an individual tree 
basis. As indicated in table 15, the values obtained for congelations of 

TABLE 15 

INTERAKNITAL CORRELATION COEFFICIENTS FOR MeAN YiELD PER TrEE OF PLOTS 



1922 

1 

1923 

1924 

1925 

1926 

1927 

1921 

-1-0 644±0 028 

-HO 168d=0 047 

-0 065±0 048 

-HO n4±0 048 

~0 272JrO 046 

-0 0024:0 048 

1922 


-HO 173±0 047 

+0 272dt:0 045 

-HO 486dr0 a37 

4-0 033±0 048 

40 0144:0 048 

1923 



+0 597±0 031 

-HO 385±0 041 

-HO 402±0 041 

-HO 3314:0 043 

1924 




-HO 740ifc0 022 

-HO 6884:0 026 

-HO 6054:0.031 

1925 





4-0 6394:0 029 

-HO 5544:0 034 

1926 






-HO 6064:0 031 


the yield of plots in 1921 with the yield of similar plots in subsequent 
years are irregular. Similar correlations of plot yields in the year 1922 
with those of following years are also variable, thovse for three years 
being positive, although small with the exception of the correlation 
with 1925, while with 1926 and 1927 the values are practically zero. 

The correlations between plots involving all possible combinations 
of 1923 and later years are all positive and highly significant. In gen- 
eral, the values are highest for consecutive years and decrease slowly 
as the interval between the years increases. The ultimate limits of this 
tendency are, of course, a matter of conjecture. The actual magnitude 
of the correlations and their slow rate of decrease strongly suggest that 
a positive correlation may exist for a considerable pericxl. 

The agreement between the interannual correlations of yield of 
trees on one hand and those of plots or ' ‘ plot averages ' ' on the other, for 
the same periods, is additional evidence indicating that soil variability is 
the most important factor determining relative yields of plots. This 
a^ppears to be reasonable in view of the high correlation existing between 
trees of the same pint in each year. 
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THE VALUE OF TTTE RECORDS OF YIELD IN VARIOUS INDIVIDUAL YEARS IN THE 
ANALYSIS OF THE PRODUCTION OF THE ORC^HARD 

It has been observed that the tendency for the relative yields of the 
trees and plots to approach the same value for the greater part of the 
period prior to the beginning of the experiment is not substantiated by 
the production of the trees in the year 1921. It seems that factors are 
operative which do not affect the subsequent yields. The frequency 
distribution of yields of individual trees also suggests that other 
factors, such as those concerned with the physiological condition of 
fruiting or nonfruiting, are operative. Manj^ trees did not bear in 1921, 
and many more bore 4)uly a very small quantity of fruit. 

The irregrdar relations of the yields of that year with the yields of 
other years suggest that production during the first year of bearing is 
not a reliable index of the performance of the trees in later periods. Had 
the field been uinhr differential treatments, very different conclusions 
might easily liave been inferred from the 1921 results than from those 
of following years. It seems, therefore, that the yields of these trees 
during the first year of ])roduction do not i)rovide a reliable basis for 
the prediction of the responses of more mature trees. These records are 
not used, therefore, in calculations upon the reliability of various ways 
of laying out the held, treated in a later section of this paper. 

Some question may possil)ly be raised, also, as to the reliability of 
the use of the yields of the second and the third years as indexes of pro- 
ductiveness of the trees. A considerable number of trees did not come 
into production until 1 922. An additional factor which may have been of 
considerable importance in this respect was the effect of a freeze which 
occurred in January, 1922. The greatest amount of the damage oc- 
curred in the blocks west of the canal, where the fruit picked in 1922 
was rendered unfit fo-r sale. However, the weights of all the fruit were 
recorded soon after the freeze. Some damage to twigs was experienced, 
and this was also more severe west of the canal. Since the installation of 
orchard heaters in 1923, no further damage from this source has 
occurred. 

Variability was greater in 1922 and 1923 than in following years. 
However, the graphs of the yields of those years (figs. 4, 5, and 6) indi- 
cate in most cases a tendency towards parallelism with the graphs of 
yields of later years, although there are striking exceptions, particularly 
for yields of 1922. The correlations between yields of trees in 1922 and 
yields in later years were positive and significant, though they were 
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low in the more remote years. In two years the correlations between 
yields per tree of plots in 1922 and those in later years failed to be 
significant. The yields of trees and plots in 1923 were positively corre- 
lated with the yields in subsequent years. The curves which might be 
made from the yields of the trees in 1922 and 1923 would be nearly 
normal in type. 

The factors which might cause exceptional responses in 1922 and 1923 
may be of considerable importance in determining the reliability of 
the yields of these years. However, it has not been possible to sef)arate 
the effect of * ‘ usual ’ ’ seasonal influences on yield, which it is desirable to 
sample, from the effects of the physiological conditions accompanying 
the attainment of the fruiting condition and of the freeze in 1922. The 
influence of the changes acconji)anying fruiting are, however, not nearly 
so importint in the later years as in 1921, judging by the frequency 
distributions. The nature of the interannual correlations suggests that 
the conditions affecting the r(‘sponses of the trees in later years were 
also operative to an important extent during 1922 and 1923. Perhaps, 
therefore, it is safer to use the records for these two years, combined 
with the yields of the succeeding four years, as an index of productivity. 
No serious consequence would seem to result from this decision, although 
total variation may be slightly increased, and there is a possibility that 
correlations during the period for which the index is taken and the 
subsequent years may be reduced thereby. 

There appears to be no objection to the use of yield records of the 
fourth to the seventh years as indicating, in part, the prcKluctivity of 
the trees during this preliminary period. The parallelism of the yield 
of groups of trees, the high interannual correlations existing, the 
nearly normal distributions noted, and the similarity of the coefficients 
of variation in the individual years all seem to indicate that in these 
years the responses of the trees and plots might well be obtained as 
sam])les of the same population. All are influenced chiefly by factors 
of a climatic nature and factors concerning the normal growth of the 
trees. These cause only limited fluctuations in the yield of individuals 
in various years. 

THE VALUE OP THE AVERAGE YIELD OF SEVERAL YEARS 

There is always involved in a group of field ex])eriments the question 
of the accuracy of the trial during tlie period of its duration, and also 
the question of the probable results of a similar experiment over another 
series of years in the same location. Stadler^’*^ has emphasized the 
importance of the seasonal fluctuations in the responses of cereal crops, 
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while Engledow and have clearly pointed out that the relia- 

bility of a prediction based upon the results of an experiment cannot be 
less than the error entailed by the sample of the seasons involved during 
the period of the experiment. In the case of orchard crops it is fre- 

TABLE 16 

Mea^t Annual Yield ix Pounds per Tree of Each Plot* from 1922 to 1927 


I'lot 

M 


K 

.7 

1 

11 

c; 

F 

E 

D 

2 

... 

87 

103 

"96 

m 

ila 




IW 

121 

4 

C-95 

106 

119 

104 

C 120 




C-127 

140 

(i 

111 

110 

C-109 

99 

140 




116 

141 

8 ... 

79 

112 

99 

C-115 

129 




139 

C 137 

10 

98 

C-113 

no 

no 

122 




130 

128 

12 

102 

109 

122 

128 

113 




140 

133 

14 

93 

126 

137 

128 

108 

132 



133 

138 

16 

100 

116 

129 

119 

113 

C-130 



100 

107 

18 

93 

115 

112 

119 

120 

132 



124 

105 

20 

98 

no 

CM27 

135 

125 

131 



0-116 

105 

22 

98 

138 

132 

137 

138 

116 

lio 


122 

124 

24 

C-103 

t 

121 

119 

115 

114 

C-123 


118 

C-121 

26 

97 

121 

104 

HO 

117 

115 

103 



130 

28 

119 

119 

129 

132 

C 129 

138 

i 141 



116 

30 

108 1 

C 131 

H8 

130 

152 

153 

140 



136 

32 

127 1 

127 

135 

134 

126 

129 

! 133 

T52 


139 

34 

119 

t 

140 

C-134 

121 

139 

135 

128 


128 

36 

135 1 

147 

146 

147 

150 

C 143 

127 

C 138 


136 

38 

120 

137 

119 

124 

136 

142 

i 148 

' 129 


C-133 

40 

CM21 I 

138 

135 

139 

142 

150 

133 

131 


122 

42 

114 

128 

157 

146 

144 

142 

155 

1 153 


138 

44 

107 i 

126 

C 143 

135 

126 

t 

C 144 

i 165 


144 

46 






12G 

165 

j 156 


146 

48 






C 129 

140 

140 


O “117 

50 

j 





134 

142 

131 


115 

62 






114 

150 

1 C 149 


122 

54 

i 

] 





114 

130 

t 


108 











~ 


Mean of entire field — 125.53 


Mean of C plots = 125.88 

• IxK'ations of check, or continuity, plot.«i are shown by the letter C. Plots related to each continuity 
plot by yield duririj^ the preliminary period areeueltmed by horizontal lines. 

t Plots omitted because of injury to trees. 

J Omitted from r)re8ent calculations because of injury. 

quently very difficult, if not impossible, to maintain an experiment 
during a siiffieient number of years to give a reliable sample of the 
seasons. Such a long period as would be necessary would involve other 
factors of possibly great importance owing to changes in age and size 
of the trees and to progressive or irreversible changes in the soil, so that 
it might be impovssible to obtain an adequate sample of seasons for pur- 
poses of generalized prediction with one planting of trees. It is felt 



Oct., 1932] 


ParTcer-JBatchelor : Variation in Yields of Fndt Trees 


109 


that the use of a longer period for this study than the six years from 
1922 to 1927 inclusive might possibly result in the introduction of com- 
plications such as those mentioned or those due to the effects of pro- 
longed malnutrition of the trees. Thus the somewhat small size and 
pale color of the new leaves in 1927 suggested that the trees were 
beginning to suffer for lack of nutrients. Therefore, the treatments 
were started at that time. 

In order to obtain an index of the ])roductivity of the various plots 
during the period of six years, 1922-1927, the annual yields per tree 
for each plot have been averaged. This process, l)y smoothing some of 
the chance seasonal fluctuations, shoidd result in a more reliable sample 
of the productive capacit}^ of the individual plots during the j)relim- 
inary ])eriod. The values obtained for the mean annual yield per tree 
for each plot are given in table 16. (The table gives certain other 
information which is discussed later.) The average probable error of 
the mean yields, calculated according to the method on page 103, is 3.29 
per cent, or 4.34 pounds. 

When the mean yields per tree of all plots were grouped into a fre- 
(juency distribution with a class int(‘rval of 10 ])Ounds, it was observed 
that the distribution resembled that of the normal curve. The critical 
functions aTid / 3 .^, which serve as criteria of tlie cuiwe type, were 
calculated according to the formulas given by lb‘arson^’‘”' and by 
Elderton,^’^*^ indicating : 


13 , =:::r 0.048 dz 0.034 
= 2.729 zh 0.176 

Since / 3 , is not signihcantly different from zero, and /!.. is not signifi- 
cantly different from 3.0 (the values of these fumdions for the normal, 
or rTaussian curve), it is evident that the distribution of the mean yields 
I)er tree of each plot for the six-year period is of normal, or practically 
normal, type. Therefore, the use of statistical methods involving an 
assumption of normality is justifiable with this material. 

The following statistical constants for the mean yields per tree for 
all plots for the years 1922 to 1927 inclusive, arc* calculated by the use 
of a class interval of 10 pounds : 


Number of plots 
Mean yield 
Standard deviation 
Coeffieient of variation 
Probable error of a single plot 


195 

125.53 zh 0.787 pounds 
16.3 zt 0.56 pounds 

12.98 zt 0.45 per cent 

10.99 pounds 


The use of the six-year mean yield per tree for each plot results in a 
slight decrease in variation beyond that observed for individual years. 
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The failure of the variation to be reduced further by tliis procedure 
is due to the tendency of the plots to remain somewhat constant in rela- 
tive yielding capacity during the period under eonsideration, as indi- 
cated in the jjrevious discussion. This condition is emphasized further 
by use of the formula given on page 98 for the coefficient of variation 
of the mean of a combination of a group of related variates. The arith- 
metic mean of all the interannual correlations on a plot basis from 1922 
to 1927 inclusive, is -f 0.435 ; the mean of the annual coefficients of 
variation on tiie same basis is 17.62 per cent. Substituting these values 
in the formula and solving, the coefficient of variation of the mean yield 
per tree for each plot is 12.82 per cent, which is very close to the ob- 
served value of 12.98 ±. 0.45 per cent. 


SOME RELATIONS OF THE VARIABILITY IN YIELD OP THE 
ORCHARD TO THE PLAN OP THE FUTURE EXPERIMENT 

The results of studies of many blank, or uniformity, experiments 
suggest that knowledge of the normal variations in i)roductivity of the 
fitdd wmuld be an advantage in planning the future experiment. In view 
of this, Lovet"^' and others have repeatedly emphasized the desirability 
of determining the characteristics of the variability of each field by 
means of the uniformity trial prior to the use of the field for com- 
parative trials. 

Batchelor and Reed^^^ expressed the desirability of obtaining this 
information for orchard trees on which experiments are to be conducted. 
I'he im])ortance of such study upon trees has since been emphasized by 
Anthony/' * Chandler, and Gadd.^^^^ The data that have been pre- 
sented strongly suggest that the plans which would give the most re- 
liable results during this preliminary period might be expected also to 
give good results after the start of the differential treatments. 

TH E ERROR OF A SINOEE IUjOT 

It was noted tliat the probable error of a single observation of plot 
.yi(‘lds for tliis experiment over the six-year period, 1922-1927, is 10.99 
pounds. This is 8.76 per cent of the mean annual tree yield. 

Prom the value of the probable error of a single plot it is possible to 
determine the differences betwu^eu any 2 plots which are theoretically 
necessary for any desired degree of assurance that the difference is real. 

has published convenient tables for this purpose, which were 
originally calculated from Shej^pard^s^'’’^^ distribution of the normal 
probability integral (see tables in Pearson,^^**C or McEwen/^^b fpr 
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extended work). Wood’s tables, which are presented a^ain for (con- 
venient reference in Appendix A, give the ratio of the difference 
between any two means to the probable error of that difference for 
several levels of significance. The direction of tlie differences IkS deter- 
mined in agricultural experiments by observation. In order to determine 
the odds that the difference is real the values in the lower half of Wood’s 
table would be used.® 

Since the probable error of a difference between the means of 
two sets of variables which are not eorrelaied is given by the formula 
^ 1-2 — V if i*^ apparent that the probable error of a difference 

(A",. 2 ) between these means, when each has the same probable error, 
equals E 's/ 2, The values in the second vertical column of Wood ’s table 
give the ratios of the difference to such probable errors for the desired 
significance. For only a reasonable degree of assurance that conclusions 
as to the significance of an observe<i or hypothetical difference in an 
agricultural experiment are accurate, say 30 out of 31 times, the lower 
half of the table shows that the ratio of the difference (D) between two 
variables, each subject to the same prol)able error, to the error of that 

difference, , must equal 3.81. 

E,., 

Applying this method of reasoning to the present situation, with the 
probable error of a single plot (Es) noted al)ove (10.99 pounds or 8.76 
per cent), a difference of 3.81 Es = 41.87 pounds per tree per plot (or 
33.4 per cent of the mean tree yield) for six years would be necessary 
between any 2 plots to be certain 30 out of 31 times that a response to 
treatment in a given direction would be real. 

Since it is often desirable to determine the effect of cultural treat- 
ments which are not expectol to cause such great differences as those 

7 In the actual interp rotation of the results of tlie future experiment by some 
of the methods whic.li are to be discussed, the use of the normal distribution "for the 
calculation of probabilities may not be warranted, owingj to the small numbers of 
observations upon which the standard deviations may be based. Under such condi- 
tions Student 68) distribution of standard deviations of small samples should 
bo used. Lovo,<20. »o) Love and Brunson, Fisher, ( 12 ) McEwen,< 84 ) Shewart,^'*^) 
and others have emphasized, extended, or facilitated the use of this distribution, 
while McEweiKiJ-*) and Conrad have drawn attention to methods of comparing 
probabilities calculated from the two fundamental distributions. The theory of 
small samples has recently been summarized by Ilider.<^^u In the present study, 
however, the variability of the population is determined from a moderately large 
number of individualg, which may be considered to be normally distributed, as 
indicated above. Therefore, the calculation of the various statistical constants for 
individual observations and combinations of observations may be carried out accord- 
ing to the ordinary practices, 

8 This is the point of view assumed by Student 7) and by McEwen.t^**) Of course, 
there ore places where differences in either direction should bo considered, and that 
part of Wood^s table showing odds for them is included for reference. 
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noted above, it is apparent that the use of a single plot for each treat- 
ment is entirely unsatisfactory. 

The diffieiilty obviously arises as a tesult of the failure of the yield 
of each plot to represent the yield of every other plot, or, in other words, 
to be a representative sain|)le of the field as a whole. It is important that 
etforts be made to rcHluce tlie error of the individual treatment to smaller 
dimensions by securing a more neai’ly rejiresentative sample of the field 
for each treatment. Certain attempts to do this have been made. 

THE KFFFA’T OP REPLICATION 

It has been shown repeatedly that one of the most tdfectiv(‘ methods 
of reducing’ the error of the individual treatment is to increase the area 
devoted to it. The larger the area occupied by the sample used for each 
treatment, the more likely it is tliat its yield will reprt\sent tliat of the 
field as a whole. In a blank exi)eriment, the hyjiothetical treatment area 
can be enlarged by iiKirtutsi ug tlu^ number of unit plots assigned to each 
combination, or treatment, plot. The selection of th(‘ unit ]>lots to be 
combined can b(‘ accomplislied in many ways. It is |)ossible, of course, 
to combine contiguous unit ])lots, but this has the effect of merely in- 
creasing the si/e of the single unit plot. It is also possible to seleet nnit 
plots at random tlironghont the field and eomliine tliem into eombination 
plots. With random ehoice of [)lots for this pur])Ose an increase of the 
number of plots j)er combination sboiild reduce the ])robab]e error of the 

E 

combination plot {E^) approximately in the relation E ,-^- — where n 

V n 

is the number of nnit plots per eomln nation, and Es is the probable 
error of a single nnit plot. 

The effects of rising various numbers of unit }>lots for each bypo- 
thetical treatment, with tin* replicates arrange^] in differmit ways, have 
been studied in the present experiment. Hypothetical combination plots, 
consisting of various numbers of unit plots, have liecn devisiMl for each 
hypothetical treatment. In one set of eomjrarisons the unit plots are 
contiguous, so that the entire area devoted to one coml)ination plot is in 
one parcel.-^ In another set, the unit plots of the combination plot are 
systematically re})licated, ])eing separated by a number of niiits equal 
to the mirnher of eombination plots, less one. The coefficients of variation 
of combination plots of various sizes which have lK‘en formed in these 
ways are shown in table 17. In this table the theoretical coefficients 

In these arbitrary arrangements, plots were combined as follows : starting 
with plot i:>2 and continuing to 1)54, then from E2 to E24, from r32 to F54, etc., 
proceeding from north to south in each block, and from east to west between blocks. 
For ease of calcalation each successive block is regarded as a continuation of the one 
before it. Plots which are not n(?eded to make up complete eombination plots at the 
south end of block M are disregarded. 
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which would be expected on the ba^is of random g^rou[)inji: of units of 
the combination i)k)ts are also given for comparison. 

When contiguous plots are combined it is found that the variation 
of the combination plots is reduced as their size is increased, Init that 
the reduction is iiot nearly so ra|)id as that expected theoretically on 
the basis of random replication. This is the result usually obtained by 
such groui)ing (Stevens and Vinalb'^''’^ ) . It is due to the fact that the 
yields of adjacent plots are positively correlated, in much the same way 
as are the yields of the trees in the same plots. 

If, on the oth(‘r hand, the area devoted to each ti-eatment is increased 
by systematic replication of tin* unit plots, the variation of the com- 
bination plots is ordinarily r(‘duced in somewhat tlie same degr(*e as that 
ex])ected by random replicatioji (Stadler,^'*’^^ and Stevens and Vi- 
nalh‘''"‘0 • the present case it is seen that the coefficients of variation of 
such combinations are, in the ease ol* treatments of the same numbers of 
unit ])lots, sliglitly less than tliose antici])ated according to the tlieory of 
probabilities.'^^ 


It in desirable to know if tfie differeiuH's bi'twoon col. .i and cols. 4 and 5 of rable 17 are sijitiificant. 
ft lias been pointed out to by Prt)fe.'s«(>r ( f . F. Mcliiwen. Scripps Inst itution of (.)ceano>!;raphy , La.lolla, 
California, tluit, because of f be a|)prr)ximato normality of the distribution from which the orieinal stand- 
ard deviation was derived. i( is logical to determine the the >retical coefficient of variation for a small 
number of t>lnts as in col. S of table 17, whereas the values in <‘ols. If and 5 are Bvibjecd to correction because 
of the small number of groups of plots (N) (col. from which the.se standard deviations arc calculated. 
The value of t he factor by which the standard deviati<»n, or coefficient of variation, may be lault iplied 


to give atj .approximation to the tiaie values, is 


/ A' 


for values of N greater than (10. For values of .V 


\.v-. 

equal to (ir less than 30. Dr. McKwen proposes the following method based on equating prol)abilities in 
Student’s and the normal dietrilnition. 

tJdds of 30 to 1 {/'=0.9()7) are frequently regarded a.s the threshold of significance; therefore for any 
desired value of N the vtdvie of Z corresponding to this probability, as given in .Student’s table, is multi- 

plied by ^ A' (sinee Z~— to obtain N~ ~ according to Student’s distribution for small samples. The 
.r 

value of - corresponding to the same iirohability is then found in a table of the distribution of the normal 
probability integral. Mi'Kweu's tables 13 and 14 are very convenient for tliis purpo.se. The ratio 

z va . 

— — correction factor by which the mcasureof variability of the small population is muliipHed . 


ax 

A[jp!ying these eorreetions to the coefficients of variation in the last two columns of tal>le 17, and calcu- 
lating (he probable errors by the usual formula, the following valuw are obtained: 


. 

Numl>er 
of i>lots 
(A) 

Theoretical 

value 

t'-rVJV 

1 

Corre(;tion 
factor for 
cols. 4 and 5 
of table 17 

Corre<Ued coefficient of variation 

i 

Contiguous 

plots 

CO tn billed 

Systematically 
ropliented plots 
combined 


per rent 


per rent 

per cent 

196 

12,98±0.45 

— 

12 98±0 46 

12 98±0 45 

U7 

9 18±0.45 

1 016 

11 34±0 50 

1 8 01±0 39 

4S 

6.49±0.45 

I 033 

10 I3±0 70 

5 82±0 40 

32 

5.30db0 46 

I 050 ' 

9 49±0 81 

3 85±0 32 

24 

4.59=t:0 45 

1 072 

7 91 ±0.77 

4.19±0 41 


From this tabulation it may V)e e^alcuhited that the minimum difference between the values of the theo- 
retical coefficieniB and the coeflicienls of plots which are made ui) of contiguously combined units is 2.16 
^:0.72 per cent, which may bo considered barely significant. There is a real difference, therefore, in varia- 
tion of combination plot® made up in these different ways. On the other hand, t ivo maximum difference 
to be found between any of the theoretiojal coefficients and the ooefucients of 8y.9tematically replicated 
plots for any given number of plots is 1.4t'5d:0.55, which is hardly considered significant. The variation 
of the eystematically replicated plots, therefore, may be considered to approximate the theoretical. 
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The effect of the variability of the combination plots upon the differ- 
ence theoretically necessary to give any desired degree of assurance that 
a real difference in yield would be caused by the treatments, can be 
calculated by the method discussed above. In order to obtain odds of 
30 to 1 that tlie conclusions are sound, the i)robable error of a single 

TABLE 17 

Effect op Groupino Various Numbers of Unit Plots into Combination Plots 
According to Various Methods 


NuinVier of 
unit plots i)er 
combination 
(rO 

N umber of 
combinations 
l>o88ible ! 

(N) i 

j 

Coefficient of variation (O of 
eoinbi nation plots, per cent 

Theoretical- 

C-^\^n 

Contiguous 

plots 

combined 

Systematically 
replicated plots 
combined 

1 

2 

S 

4 

5 

1 

m 

12 98 

12 98 

12 98 

2 

97 

9 18 

11.16 

7.88 

4 

48 

6 49 

9 81 

5 63 

6 

32 

5 30 

9 04 

3 67 

8 

24 

4.59 

7.38 

3 91 


TABLE 18 

The Differences Necessary Between the Means of Combination Plots 
TO Insure Odds of 30 to ] that the Difference is Due to Treatment^ 
(In percentage of the mean yield of combination plots) 


Number of plots 
per combination 

Thooretujal, 
with random 
sampling 

Contiguous ' 
plots 1 

combined 

Systemat icv- 
ally i>}pli- 
cated plots 

/ 

£ 

3 

4 

1 

33 36 

33 36 

33 36 

2 

23 59 

28 68 

20.25 

4 

16 68 

25 21 

14 47 

6 

13 62 

23 23 

9 43 

8 

11 80 

18.97 

10 05 


• In tlieae calculations 195 plots were used. 


combination plot in percentage (= ±0.6745 (7, where C is the coefficient 
of variation, as given in table 17) should be multiplied by 3.81, if the 
direction is known or assumed. The results of this calculation are given 
in table 18. 

The value of the use of systematically distribute<i unit plots for each 
treatment as compared to the use of the same number of contiguous unit 
plots is apparent from table 18. It may be seen that the minimum 
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difference necessary l>etween combination plots, formed from as many 
as 6 or 8 systematically distributed units, would need to be about 10 
per cent of the mean annual tree yield, to insure odds of only 30 to 1 
that a difference in one direction would be due to factorvS other than 
chance. As shown by columns 2 and 4 of table 18, these figures are 
approximately those w^hich would be expected on the basis of the pi’oba- 
bility theory. The fact that the difference with 6 unit plots per treat- 
ment is less than with 8 plots indicates that certain distributions were 
by chance very favorable ones. 

The magnitude of the difference necessary to give statistical pre- 
cision to the comparisons between combination plots which are arranged 
in these ways, and the necessity of using large areas of land for each 
combination plot, point to the desirability of reducing tlie chance errors 
of the field by other methods if it is possible to do so. 

THE USE OF CHECK PLOTS 

Variability in the yield of plots of a uniformly treated experimental 
field is due to two types of factors. Factors of the first type are acci- 
dental, and may occur at random throughout the ])lanting. They should 
be maintained at a minimum level by great care in conducting the 
experiment. Factors of the other type are commonl}" called systematic 
errors and tend to make all or a part of the plots yield alike. Thus 
climatic conditions may tend to depress the yields of all plots in certain 
years, or they may affect tlie plots in certain areas of the field more 
adversely or favorably than in other years. It has been shown above 
that the difficulties encountered in endeavoring to obtain a fair sample 
of the effects of the annual variations in climatic conditions on trees are 
very great. An element of judgment enters into the decision as to the 
length of time an experiment, and (^specially a preliminary experiment, 
should be continued. It was shown, however, that the use of the mean 
yield of six years in the present case reduced the variations somewhat, 
and that it seems to give a fairly reliable index of productivity. 

Variations in the fertility of the soil of a single field are in general 
of a systematic nature also, and have long been known to be very impor- 
tant. Although exceptions occur occasionally in the case of single plots 
in an experiment, Harris^ and several others have demonstrated that 
the mean correlation coefficient between yields of contiguous plots is 
nearly always positive and significant. The data presented above for 
the yield of combinations of contiguous plots showed that such a correla- 
tion exists between yields of adjacent plots in the orchard under dis- 
cussion, and that important systematic variations are involved. 
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An attempt to reduce the errors due to this type of variation and 
thereby make the experiment more reliable has frecjiiently led to the 
distribution of check plots througrhout the experimental field. These 
plots serve (1) as the basis of comparison with nearby test plots, or (2) 
as a means of correctin«r the yields of the test plots, after wliich the 
corrected yields of the various plots may be compared amonfi: them- 
selves hj common statistical processes. The etfeetiveness of these two 
methods of em]fioyiiig check plots has been studied with the present 
data. 

Ilowever, it is doubtful if the results of such a study of uniformly 
treated material prior to the start of an experiment should be applied 
without some qualification. To do so would be to assume that the yields 
of check and test plots would Ix^ correlated exactly to the same extent 
with ditferent treatments as they are under conditions of uniform cul- 
ture. Such may not always be the case. Stadler,*’’**^^ for instance, found 
that in variety trials w^ilh small j^i^rains, the nature of the variety used 
as the cheek was a factor in dcdermininfr the efficiency of adjustment of 
test-])lot yields. Tliis is a ])liase of the prol)]em of orchard trials upon 
which insufficient information is available. It is possil)le that eertain 
treatments in sneli exf)eriments mijrht oceasionally alter correlations 
between yields of nearby plots, and either increase or decrease sys- 
tematic variations as ('oiiipared with those observed under uniform 
conditions of culture. Although this pos.sibility should be kept in mind 
during? the following’ consideration of the efiect of the use of check plots 
for comparison and for adjustment, c(»nclnsions based upon blank expt*- 
riments sliould be correct in most cases. 

Method of C(ilrid(iting Adjusted Yield from Tkeoreiieat Checlc 
Yield . — The process of correcting the yields of test |)l(>ts is termed ad- 
justment of yields. Ordinarily, the first step in the process, as Stad- 
lej»(53) explained, is the ealeiilation of the theoretical check yield of 
each test ])lot, which is the i)robable yield of each test plot, provided it 
had been given the same treatnumt as that of the check j)Iots. Various 
methods of ai’riving at this value have been proposed, based upon 
assumptions wliich must be made as to the nature of changes in natural 
productivity from one part of the field to another between check plots. 
The use of the uniformity trial makes it possible to determine the 
probable value of these assuiiiptions. 

The next step in adjustment of the yields of test plots consists in 
calculating from the theoretical cheek yield the hypothetical or ad justexl 
yield of the test plot, i.e., the approximate yield that would have been 
obtained provided the plot had been one of average fertility. 
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There are Beveral wa.yK of making' this approximation. The theoreti- 
cal check yield (Tch) may be calculated by one of several methods which 
will be discussed. From this value, according to one method which 
seenis to be useful for the })resent purpose, a factor, wliieh Stadler^®*'*^ 
calls the “plot value” (P) may be determined })y use of the formula : 



where Tch is the theoretical check yield, and Men th(^ mean yield of the 
cheek plots. The adjusted yield is then obtained by. 


where Ta^ij is the fidj listed yield, Yad is th(‘ actual yield of the test plots, 
and P the plot value. Th(‘ two formulas may be combined for ease in 
calculation. When yields of check ])lots are adjusted by these formulas 
th(dr variability is eliminat(*d, for in that case Trh ~ Yurt^ and hence Ya^ij 
hecomes equal to .l/</,. It* tlie actual yields of the test plots should equal 
their theoretical elieck yi(‘lds, the variability of the adjusted yields of 
th(^ test plots would also be eliminat(‘d. The reduction of the variation 
of test ]>lots, as measured by tlu^ (*o(‘tlici(‘nt of variation, lieconn^s. there- 
foi*e, the measun' of tin' efficiency of adjustnu'nt l)y this ])rocess.” 


” ( 'ertain statistical relations are su^^^ested Iw the formulas noted above. In 
the formula .. 

„ * «<-f 
/ adj -j— 

the adjusted yield i.s a quotient, or index, and the usual statistical formulas for such 
ratios (Vide, f). 104) hold true. 1'hus the mean of the adju.sted yields 

Ill pi: 

In this formula, M„di is the mean of the adjusted yields; Marh the mean of the actual 
yields; M pr, the mean of the plot values; r, the coefficient of correlation between 
either tiie plot values or the theoretical check yields and the actual yields of indi- 
vidual test i)lots; of actual yields; and P^.,:== of either the plot values or 

theoretical check yields. 

The coefficient of variation of the adjusted yields (Cadj) can be calculated from 
their mean {M adj) and standard deviation Their standard devia- 

\ M ad) / 

tion, (Tadiy is Riven by the formula (Yule, p. 21.5) to which Stadler drawn 

attention: 

(V^c/~2r Vp.YYjJ)^y 

Mpv 


Their standard devia- 


in which the symbols are the same as those given for the mean of the adjusted 
yields. 

The coefficient of variation of the adjusted yields depends not alone on the cor- 
relation between the actual yields and either the calculated plot values or theo- 
retical check yields, but also on the variability of actual and theoretical check 
yields. The correlation between actual yields and the c-alculatyd theoretical check 
yields of test plots is not, therefore, a precise index of the effectiveness of adjust- 
ment by means of check plots, although it has frequently been used for this purpose. 
This may be verified by observation of correlation coefficients calculated for the 
present aata (table 19, col. 6), 
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Effects of Various Methods of Calculating Theoretical Chech Yield 
Upon Variation of Adjusted Yield, — The eifeets of certain methods of 
estimating tlie yields of theoretical check plots from distributed check 
plots, and the effect of adjustment of the yields of test plots upon their 
variability, have been studied for the uniformly treated orchard under 
consideration with check plots at various intervals. 

For this purpose, the rectangular section of the field consisting of 
blocks I to M inclusive has been studied, since this area offers possibili- 
ties of arrangement not possessed by the field as a whole. The data for 
the mean annual yield per tree for each plot for the period 1922-1927 
have been used for this study. It is probable that conclusions drawn 
from a study of this part of the orchard may be approximately true for 
the entire field, since the coefficient of variation for the emtire field is 
12.98 per cent, while that for blocks I to M inclusive, is 13.15 per cent. 
No prominent differences in the frequency distribution of yields are 
apparent. 

Five arrangements of cheek plots have been tried on the 108 usable 
plots of the 5 blocks noted. The essential difference between the arrange- 
ments is in the frequency of the check plots. In each case the end plots 
of each block consist of check plots.’ ^ 

Four methods of comparison have been tried with each arrangement 
of check plots. These are based upon the assumption that the value of 
the theoretical clieck yield of each test plot is equal to : (1) the mean of 
all check plots; (2) the nearest check (3) the interpolated value 
found by assuming a constant fertility gradient between 2 check plots ; 
and (4) the mean of the check plot mean and the interpolated yield.’"* 

In two of the armiipfements the number of test plote between chet'-k plots is 
not always constant, because the number of plots in the blocks is such that an extra 
plot is available with these two arrangements. In these two cases, therefore, the 
extra plot is arbitrarily inserted between the 2 cheek plots which an? farthest south 
in each block, in order that the last plot may be a check plot. 

The records of 2 plots in the field are not used, but the calculations are carried 
out in such a way that the interval is taken into account as if these 2 plots were used, 

13 When a Ust plot is located equidistant from 2 check plots their arithmetic 
mean is taken as the yield of the theoretical cheek. 

1* Various other formulas have been used by 8toekberger,(5fl) Kiesselbach,< 2 «> 
and others, which differ slightly from those givcai above in the assumptions involved 
in the calculation of the theoretical check yields. The above involve the baaic 
assumptions of the majority of such formulas, however. 

Methods of adjusting the yiebbs of check plots before using them for adjustment 
of teat plots have also been described. Thus Holtsmark and I.far8en,(28) according 
to Eoemer,(44) suggested that the mean of three nearby cheeks be obtained and used 
as a standard. McClelland<s3) kaii also suggested that check plot values be smoothed 
by weighting them by a moving average method. It would seem that such operations 
occasionaJly might tend to produce lower correlations between theoretical check 
yields and actual yields of test plots if normal* fluctuations in yields of contiguous 
test plots are rather sharp, and if checks were located at some distance. As abrupt 
changes in the yields of trees are frequently noted in the present experiment, in 
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Adjustment of the observed yields on the basis of these various calcula- 
tions of the theoretical check yield was then made according to the 
method described in the text above. 

The values for the coefficients of variation of the test plots l>efore and 
after adjustment, according to the arrangement of each method, have 

TABLE 19 

Efj^ect of Adjustment by Use of Cheok Plots Upon Variation of Test Pi.ot 

Yields, Blocks I to M 

(Based on the mean annual yield per tree per plot, 192^-191^7) 


Fre- 

quency 

Method of CHlculaiiiiiur theo- 

CocfHcient of variation of 
test plots, in per cent 

ReducI ion 
of variabil 
ity, in i>er 

C.k)r relation 
coefheients between 
actual yield of test 

of 

chtKjke 

retical ciiock yields 

Before 

adjustment 

After 

adjustment 

(!ent of un- 
adj upi ed 
variability 

plots and their theo- 
retical clieck yield 
or plot value 

1 

i 

3 

4 

5 

6 

No che<;kR 


13 15 









( 1, Moan of checkg 

12 70 

12 70 

0 0 


3 

1 S, Nearest olie(;k 

12 70 

10 40 

18 7 

4 0 688±0.042 


I 3. 2/3 f.'i -1-1/3 C 2 

12 79 

9 08 

29 0 

-I 0 715±0 040 


[ 4 . l/2(<'V,-|-2/3(",-fI/3Ui) 

12 70 

0 46 

26 0 

4-0 74 7.jr 0,035 



13 26 

13 26 

0 0 


5 or (5 

j S. Neareftt chock 

13 26 

11 44 

13 7 

4-0 590 ±0 048 



J3 26 

0.53 

.•>8 1 

4 0 590d::0 048 


1 4 . 1/2 (CV, 4-4/5 Ti f l/S Oe 

13 26 

10 52 

20 7 

4-0 500±0.048 


^ 1. Mean of checks 

12 88 

12 88 

0 0 


7 

1 S. Neareet check 

12 88 

11 50 

10 0 

4-0 586d::0.048 


I 3. 6/7Cr4l/7(', 

12 88 

10 06 

21 0 

-f O 641±0 042 


i 4- 1/2 (Lm4-f)/7 r'rl-1/7 C 2 ) 

12 88 

0 51 

26 2 

4-0 643±0 042 


i /. Mean of chockH 

12 85 

12 85 

0 0 


10 or 11 

j S. Nearest cheok 

12 85 

12 11 

5 8 

4-0 620^0 043 


] S. 0/10 L’l 4- 1/10 (4 

12 85 

10 54 

18 0 

40 636dr0 042 


1 4 . l/2(r4,r{-«/I0Ci + l/10Cz) 

12 85 

0 82 

23 6 

4-0.662±0 040 


I 1 . Moan of checks 

12 87 

12 87 

0 0 


21 

j S. Nearest check 

12 87 ! 

11 00 

6 8 

4-0 612±0 043 


] 3. 20/21 Ci+l/21 Ci 

12.87 ! 

8 38 

34 9 

4-0 72id:r0 033 


[ 4 . 1/2 (f’n. 420/2K4-kl/2K:’2) 

12 87 

9 53 

26 0 

4-0 693 iO 035 


been computed and are given in columns 3 and 4 of table 19. The per- 
centage reduction in variation, based upon the coefficient of variation 
of the unadjusted yields, is given in column 5. 

It was found by inspection of the formulas for the plot values and 
for the adjusted yields that when the theoretical check yields of the test 
plots are assumed to be equal to the mean yield of the checks, no change 
in variation of the test xilots occurs by adjustment with the metluxl used. 

common with many other uniformly treated orchards, the use of these methods in 
experiments with such material is probably of doubtful value as compared with the 
aimplar fomulaa* 
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Although this luethod of comparison is frequently used in some form, 
it is apparent that adjustment based upon it must be differently applied, 
if it is to be helpful. 

If the theoretical check yield of the test plot is taken as equal to 
the yield of the nearest check, and the actual yield of the test plot is 
adjusted accordingly, a slight to moderate reduction in variability is 
effected. This reduction occurs with checks at all the intervals tried, but 
it is greatest with the checks at close intervals. 

The interpolation formulas (numbered 3 in tables 111 and 20) are 
based upon the assum[)tion that the normal productivity between check 
plots varies uniformly. In the formulas Trh~ % Co, etc., 

is tlie yield of the nearest check on one side of the test ]dot, and the 
yield of the near('st on the other side. Adjustment of the observed yields 
on the basis of the theoindical ch(‘ck yields obtained by this calculation 
results in values for the adjusted yields of the test plots which sliow 
considerabl}^ less variation than do the actual yields. The amount of 
reduction is greatest when the checks are close together and decreases 
as the interval l)etween cheeks is increased, exceid. at the greatest inter- 
val, with the checks only at each end of the field. Although the variation 
is reduced most with this extreme interval, indicating in tliis particular 
field a grading in productivity from one side to the other, certain very 
serious objecdious to locating the checks at this interval will shortly 
be noted. 

If the theor(dical check jdcdd is assumed to be the mean of the check 
mean and the interpolated yield (formulas numl>ered 4 in tables 20 and 
21), a reduction of the variation is also obtained by adjustment. In this 
case the amount of the reduction is about the same regardless of the 
interval between checks. However, it is apparent that the use of the 
check mean as a factor in calculating the theoretical check yields in 
formulas nuiiil)ered 4 has not consistently changed the effect of adjust- 
ment as compared with that nhsulting from adjustment based upon the 
use of the inter})olated yield alone as the theoretical check yield. 

From the data of table 19 it appears that formulas involving the 
use of the interpolated yield, either alone or in conjunction with the 
mean of all the cheeks, in the calculation of the theoretical check yield 
give adjusted yields of less variation than any of the other methods tried. 

Effects of Various Freqmncies of Check Plots Up&n VarioMon of 
Adjusted Yields ~~ln regard to the location of checks at various fre- 
quencies, if the case in which checks were located at every twenty -first 
plot is disregarded for the moment, it appears that the average reduc- 
tion of variability of adjusted yields obtained by all methods is greatest 
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when the checks are located at intervals of 3 plots. The average reduc- 
tion becomes slightly less with checks a,t more remote intervals. This 
decrease in eifieiency with various checks located at progressively 
greater distances is regularly reflected when the theoretical check yield 
is calculated on the basis of the nearest check (formulas numbered 2), 
and on the basis of the interpolated yield between check plots (a.s in 
formulas numl>ered 3), It is not ai)parent when the mean of the check 
mean plus the interpolated yield is used (formulas numbered d). 

It was observed that the greatest reduction in variation was obtained 
by adjustment with the grading, or interpolation, method of calculation 
when checks were located at every twenty-first plot, indicating a gradual 
change in fertility from one side of the field to the other. In this case 
the check-plot rows were sei)arated by a distance of l.OoB feet, and 
were located at the extreme northern and southern edges of the field. 
The value of such an arrangement may be seriously doubt(*d. It may be 
a characteristic of this particular orchard due, by chaiu'e, to favorable 
yields of the limited number of cluM'k plots, which could not be reason- 
ably expected to occur frecpiently. In addition it is conceivable that 
fluctuations might occur ovc'r a long jx^riod of years in plots distantly 
removed from the (dieck, which will be independtmt of the treatment. 
The theoretical check yield would not reflect this change. A funda- 
mental conce[)tion underlying the use of check plots, namely, that a 
correlatioii exists between the theoretical check yield and th(' actual 
3deld (Richey,'^’' and Stadler'"'^' ), would be violated 'u\ such a case. 

Am additional hazard would result, from the Iwation of the check 
plots at the extremities of the field, oi* at extremelA^ long intervals. This 
is the consequence resulting in case one check plot is rendered unfit b^^ 
accident for comparison with the test plots. Such a situation is much 
more likel.y to occur Avith plots near the edge of the field, i)articularlA^ 
if they are ever subject to wind damage or to increased difficulty of 
heating during cold weather. The location of check plots at these points, 
therefore, does not seem to be warranted in an^^ trials upon this orchard 
in spite of the faAumable coefficients of variation of the adjusted test plot 
yields obtained b^" their use. 

Effects of Various Methods of Adjustment Upon Differences Neces- 
sary for Significamce , — In order to be significant for comparison between 
plots, it is ordinaril,y considered that differences in yield should be 
great enough to insure odds of 30 to 1 that the^" are not due to chance 
variations. The several methods of calculating the theoretical cheek 
yields used resulted in reducing in A^arying degrees the differences 
between adjusted yields which are required for this significance, as is 
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shown in columns 5 and 6 of table 20. The differences are expressed as 
percentages of mean adjusted yield of the test plots (this mean ap- 
proaches the mean yield of ebeck plots). These data were obtained by 
the procedure outlined in a preceding section of this paper. The mini- 
mum difference (in a given direction) between single unit plots found 

TABLE 20 

Effect of Adjustment of Test-Plot Yields by Use of CiiECK Plots tiroN 
Differences Necessary for Signipicanoe of 30 to 1 Bet\^ een 
Individual Tf^t Plots and Between Theoretical 
Combination PmTs* 


Fre- 
quency of 
checks 

N umber 
of unit 
test plotB 
availalde 

Theo- 
retical 
number of 
unit plots 
for each 
of 15 com- 
binations 

Metht»d of calculating theoretical 
check yield 

Necessary differences in one 
direction, in per cent of moan 
adjusted yield of test plots 

Between single plots Between 
combi nar- 
tion plots 

Beforead- After ad- after ad- 
justment juatment justment 

1 

S 

3 

4 

f) 


7 

No cheeks 

108 

7 20 


33.79 


12.59 

3 

68 

4 53 

1 1. Mean of checks 

\ 2. Nearest cheek 

[ 4- 1/2 (C„,4-2/Z Crf 1/3 Ci) 

32.87 

32.87 

32 87 

32 87 

32 87 
26.73 

23 33 

24 31 

15 44 

12 56 
10.96 
11.42 

6 or 6 

83 

5 53 

f 1. Mean of checks 

j 2. Nearest check 

I .1 4/5rH-l/5Cs 

i 4- l/2{r,„-l-4/5Ci + l/5r,) 

34 08 

34 08 

34 08 

34 08 

34 08 

29 40 

24 49 

27 03 

14 49 

12 50 
10.41 
11.49 

7 

88 

5 87 

f 1, Mean of checks 

1 S. Nearest check 

I 3. 6/7 Ci-fl/T C2 

i 4. l/2(C„,-l-f)/7C,+l/7Cj) 

33 10 

33 10 

33 10 

33 10 

33 10 

29 78 

25 85 

24 44 

13 06 

12 29 

10 07 

10 09 

10 or 11 

93 

6 20 

j /. Moan of checks 

1 2. Nearest check 

1 3. 9/10 C, +1/10 Cs 

1 4. 1/2 (C,„+9/i0 Ci+1/10 Ca) 

1 33 02 

33 02 
; 33 02 

33 02 

33 02 

I 3M2 

27 09 

26 24 

13 20 
12.60 

10 88 
10.14 

21 

98 

6 53 

j 1. Me4in of checks 

1 2. Nearest check 

j J. 20/21 Ci+1/21 C% 

[ + 1/2 (C„i+20/21 Ci+1/21 Ca) 

33 07 
, 33 07 

33 07 
33.07 

33.07 

30 81 
21.64 
24.49 

12 94 

12 06 
8.43 
9.58 


'•‘Calculated from data of table 19. 


necessary for significance is 23.33 per cent of the mean with checks at 
all frequencies, except at every twenty -first plot. This is a considerable 
reduction from the differences necessary between unadjusted yi^ds of 
unit plots, which were found to be about 33 per cent. 

Further decreases in the differences necessary between treatmehtB 
could be obtained by increasing the area devoted to each treatm&t. It 
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this were done by random replication of the unit plots for each com- 
bination, or treatment, plot, it is probable that the coefficient of variation 
of the treatment, and hence the differences necessary for any degree of 
significance between treatments, would be decrease<l approximately 
according to the formula : 


where Cc the coefficient of variation of the combination plots, is 
the coefficient of variation of the unit plots, and n is the number of 
unit plots in each treatment. This increase in number of plots per 
treatment would result in increase<l reliability in this case, in the same 
way that it was shown to have an effect in the above discussion of the 
probable error of a single plot, and would be very effective in reducing 
the differences between combination plots necessary for significance. 

The use of systematically replicated check plots as a basis for ad- 
justment of test -plot yields in an experiment upon this orchard would 
apparently result in a reduction of the errors involved in trials ui)on it. 
Ilowx'ver, such a decrease would be obtained only by tiie allocation of 
a large number of plots for use as check plots whiidi might otherwise be 
used as additional replicates of the test plots. The ])ossibility of securing 
greater reliability by the use of check plots as described, than by increas- 
ing the area of each treatment by the use of the possible ehcKik plots for 
additional replications of combination plots may be determined in a 
theoretical man ner. 

If 15 treatments are to be tried upon tlie plots of bl(H?ks 1 to M inclu- 
sive, it is passible to determine the probable error of each combination 
plot, based upon tlie variation of the adjusted yields where check plots 
are used, and upon the variation of all of the plots for the unadjusted 
yields. The total number of test plots available with each arrangement 
of check plots varies, of course, and the theoretical (since fractions are 
involved) number of these which may Ik? used for each of the 15 treat- 
ments is given in columns 2 and 3 of table 20. Since, in a case of random 
assortment, the coefficients of variation of unit plots bear the relation 
noted above to the coefficient of variation of combination i)lots, it is 
possible from these data to calculate the probable error of a single com- 
bination plot, and, hence, the difference between combinations or treat- 
ments necessary for significance. The values necessary to assure odds 
of 30 to 1 are set forth in column 7, for assumed differences in one direc- 
tion. If the arrangement of checks at each side of the orchard (every 
twenty-first plot) is disregarded, the adjustment of yields by check 
plots does not reduce the difference necessary for significance of this 
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degree by more than 2.5 per cent of the mean yield (from 12.59 to 10.09 
per cent), a reduction in percentage of 19.86 per cent, based upon the 
unadjusted yields where no checks are used. 

Judged by this method of analysis, the interpolation formula, 3, is 
very slightly more efficient than the combination formula, with check 
plots at intervals of 3, and 5 or 6 plots. With checks at intervals of 7, 
and 10 or 11 plots the combination formula shows a ver^^ sli??ht advan- 
tage over the interpolation formula. The calculation of the theoretical 
check yield by either of these formulas is apparently more reliable in 
this comparison than aci'ording to the assumption that the theoretical 
check yield of each test plot is equal to that of the nearest check. 
Although the illustration is hypothetical, since the number of unit plots 
per ta*eatment has been exi)ressed in fractions, it indicates that adjust- 
ment of yields by means of checks would probably reduce the errors of 
trials upon this orchard more than would the increased replication of 
test plots that would b(‘ made })ossible by elimination of the check plots. 
Although the increase (nearly 20 per cent) in reliability s^^ems impor- 
tant, the minimum differences between combinations which would be 
necessary for only moderate significance (10.09 ])er cent of the mean 
adjusted yield), are still greater than some of the treatments may cause. 
It is desirable to see if e^'en better methods of comparison may be ob- 
tained with the use of elieck plots. 

The Coniparison of Snujle TreatmentH With a Check TrciUment . — 
The elimination of systematic errors in various parts of the experimental 
field has been attemj)t(Hl frequently by the eom})arison of the various 
treatments witii a standard treatment which is used for the check plots. 
In such cases the treatment of the check plots is ordinarily one which 
is known to give good results, and wdiich it is desirable to surpass. The 
method involves, fundamentally, the calculation of the difference be- 
tween the mean yield of each treatment and the mean of its theoretical 
check yields, which is then compared wdth the probable error of the 
difference as a test of significance. The y)robable error of a series of 
differences can be determined directly, or, if certain statistics are known, 
from the full formula for the variance (squared standard deviation) 
of a difference. The latter formula, as frequently emphasized (Stu- 

dent,^®®’^^> Kemp, <25) Richey, Sax,<^2) 

= cri-4’(T2 — 2ri.2 (Tj (72 

The last term in the equation can be eliminated only in case both popu- 
lations are sampled at random, wffien r—0. This is obviously not the 
case in the present situation, for the theoretical and actual yields of the 
test plots are correlated. 
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Another method for obtaining the differences necessary for comi)ar- 
ing a single treatment Avitli the check treatment leads to the same results 
as the methods just given, and the calculations may sometimes be more 
conveniently made. This involves the determination of the differences 
between the mean of the check plots and the adjusted yields of the test 
plots devoted to the particular treatment, when adjustments are made 
according to the method previously discussed. The calculation of the 
variance of the differences, as determined by means of the complete 
formula given above, is very sim|)le in this case, for the variance of the 
mean of the checks is zero, and there is no correlation between the mean 
of the checks and the adjusted yields. Hence (Stadler' ) , the variance 
of the difference ecpuds the variance of the adjusted yields. 

The relations of these two methods may be illustrated by the case 
given above, with a clieck every thii-d ])lot when the calculation of 
the theoretical clieck yield is carri(‘d out a(*eording to the formula 
% 4“ /a ^^ 2 - following values have bcMui didermined : 

cr,, the standai'd d(‘viation of th(‘oretical ch(H*k yield T1.2 

rr,, the standard deviation of actual yields-:-- 15.74 

Wh(m th(‘se values are substituted in the full formula for the standard 
deviation of a differencis we find: 

This value, wlien divided by 12*1.25 (the mean of the adjusted yields) 
and multi{)lied by lOO to place it on a comparable basis, becomes 9.07 
per cent, wliich is very close to the value given in table 19 for the 
coefficient of variation of the adjusted yields of the test |)lots (9.08 per 
cent). Th(‘ choice of method de|>ends solely on (-onvenience. 

The use of the value 9.07 p(‘r cent as the coefficient of variation of a 
difference, makes it i)ossible to calculate the difference in yield neces- 
sary for signiticajice between any 2 theoretical (dieck and test |)lots. In 
this case column / in the table of cxlds given in Api)endix A should be 
used since the diffei’cnce is compared with its own ])robable error. Tn 
order to obtain odds of 30 to 1 that conclusions as to the significance of 
a given difference {D) are correct, then, 

0.6745 ■ 9.07 ~ ~ 

By comparison with comparable data from table 20, the differences 
necessary for significance between single plots may thus be seen to be 
considerably less when comparisons are drawn between individual theo- 
retical check plots and test plots, than when they are drawn between 
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different individual adjusted test plots (23,33 per cent)* This is in 
agreement with Stadler’s discussion. The replication of such plots 

1 

should reduce the errors by approximately 'where n is the number 
of test plots per combination plot. 

The use of methxxls of differences between test and check plots, how- 
ever, does not appear to be an advantage when extended to a comparison 
of 2 test plots or 2 combination plots (test plots receiving the same treat- 
ment). In order to compare the mean differences and their probable 
errors, which have been determined for each of the combination plots in 
comparison with their check plots, the formula for the probable error of 
a difference between two means must be used. In that cas^^ the use of 


methods of differences between combination and cht^k plots gives the 
same results as the direct comi^arison of adjusted yields of the test plots. 


THE COMPARISON OP NEARBY TEST PHOTS BY METHODS OP DIPPERENOES 

It has been indicated above that in the full formula for the variance 
of a difference, (rf .2 == +<t 2 — 2 ri .2 ai cr 2 , the last term can be elim- 

inated only when the correlation between the obsenwations is zero. In 
field trials this is seldom the case, for there is usually a tendency towards 
concomitant variation of nearby tCvSt plots between which comparisons 
are drawn. Therefore, it is possible to reduce the error of the mean 
difference betwmi 2 treatments, as usually determined, by the calcula- 
tion of the correlation between nearby test plots of tlie 2 treatments and 
the utilization of the la.st term in the equation. Love^^^‘^ has pointed out 
that the same effect can be secured by obtaining the mean of the differ- 
ences between individual correlated test plots which are being com- 
pared, and directly calculating the variance of that mean. 

This procedure has the effect of reducing the erroi-s due to systematic 
variation, which is the cause of the correlations. The amount of the 
reduction will depend upon the size of the correlation. This considera- 
tion has led Student, p. 273, to remark tliaf the art of designing all 
experiments lies even more in arranging matters so that is as large 
as possible, than in reducing and 

It is anticipated that the results obtained on the present field by 
the application of the method of comparing the unadjusted yields of 
test plots which are replicated at random would, on the whole, be some- 
what less reliable than those obtained by the use of check plots for 
adjustment. Because of the large number of treatments which are 
proposed for trial the plots to be compared in tlie same replication Series 
would be located, on the average, at some distance from each Other. In 
some cases they would be at opposite sides of the field in different blocks. 
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Consequently, the correlation between ‘Vpairetr^ test plots would be 
small. 

The calculation of* the errors of all possible differences between 
treatments is very laborious. Fortunat^'ly, Stiident^'^^*^ and R. A. Fisher 
liave developed a method by w^hich the mean error of the differences of 
all the possible comparisons can be obtained. This method may be used 
to illustrate the effect of the procedure upon the material under consid- 
eration. By their formula, the variance of a mean difference between 
any 2 sets of m treatments, each tried n times, is : 

(J-? = g'o) 

^ (m — l)(n— 1) ^ 

when a% is the total variance of the plots ; cr/j-, tlie variance of the treat- 
ment means; and the variance of the replication series means. 
The formula is discussed in some detail by Student, and in a slightly 
modified form by Engledow and Yule.^'^^ 

The application of the formula to the data at hand can be made by 
fissuming that aiiy likely number of plots be devoted to each treatment 
on the 108 plots in blocks I to M inclusive. If 4 ])lots are used for each 
theoretical treatment, 27 treatments are possible oji this area. If the 
treatments in each replication series are in the same order, starting 
at 1-2 and progressing to 1-44, then to J-2, etc., repeating until the 27 
treatments have been allocated to 4 plots each, the calculation of the 
formula indicates that the variance of the mean difference, be- 
tween the means of the treatment yields is 132.26, and the standard 
deviation of the mean difference, is, hence, 11.50 pounds; this is 
9.48 per cent of the mean yield of the 108 plots. If this percentage be 
multiplied by 0.6745 to obtain the probable error in per cent and by 
2.7 (the ratio of the mean to its probable error necessary to give 30 to 1 
odds), the difference between treatment means necessary to give this 
significance is found to be 17.26 per cent. This difference is not far from 
those which were indicated in table 18 as theoretically necessary betwam 
the means of groups of 4 test plots systematically replicated throughout 
the entire field. Although somewhat better arrangements than the one 
noted might l>e obtained by chance, it seems probable that, with many 
treatments and few replications on this planting, the desired high cor- 
relation between the plots in each replication series would be lacking. 
Consequently, with chance or systematic an*angement of plots, the 
comparison of nearby test plots by methods of differences would not 
appreciably eliminate the effects of systematic soil variations nor reduce 
the errors of experiments upon the planting. 
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ADJUSTMENT OF YIELDS OF TF^T PLOTS BY MEANS OP CONTIGUOUS 

TEST PLOTS 

Various investigators have attempted the elimination of systematic 
variations in different parts of the experimental field by the use of the 
yields of neighboring? test plots as the standard for the adjustment of 
the individual plots. The methods of llummel/^^^ Mitscherlich/''"‘^ Sur- 
face and Pearl/^^^^ and Richej^^^^^' are perhaps best known. Their 
general advantages have been discussed by Stadler/®'^^ and consist in 
the release of check plots for increased replication of test plots, the 
avoidance of the possibly unfair efl*ect of adjustment of certain treat- 
ments by means of a single check treatment, the avoidance of undue 
efiect of great chance fiuctuations in the yield of a particular plot which 
may be us(‘d as a check, and the determination of the theoretical check 
yield of the test plot by means of contiguous plots rather than by remote 
plots. 

The objections to such metluKls of adjustment in the usual ty|)e of 
cultural trials with fruit trees lie, however, in the [)robability that large 
numbers of treatments must be tried in a single t>xperimental field, and 
that the number of replications will narrowl}" limited. In this case 
a fundamental conception ui>on which certain of the above methods are 
based, may be violated, namely, that the mean yield of each set of 
replicated test plots designated as a combination ])lot is a ^‘fair index of 
its iiroductiveness’' (Richey p. 90). Furthermore, unless the number 
of replications of each treatment equals or exceeds the number of 
treatments in the experiment, the use of these methods assumes 
(Richey * ) that the influence of particular treatments upon the the- 
oretical check yields of plots contiguous to tliem will not be so great as to 
introduce serious errors. In orchard trials of long duration, tlie range 
of the res})onses causc^l by cultural treatments may be extremely wdde, 
so that the effects of adjustment l)y plots differing widely in yield, might 
unduly favor or handicap individual plots. 

These considerations malve it evident tliat if a trial which involves 
many widely differing treatments wdth relatively few replications for 
each is anticipated, the study of the effect of adjustment of yields of test 
plots by one another while under conditions of uniform culture iirior to 
the start of the experiment proper, may occasionally lead to expecta- 
tions whi(di wdll not be justified after the experiment goes into operation. 
Fortunately the requirements of such methods as to the plan of the 
experiment in addition to those given above are not stringent, being only 
that the treatments should not appear in the same order in the different 
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replication series. As a consequence the methods may often be applied 
and their benefits realized whether check i)lots are employed or not. 

It is apparent that in the plan of the experimental orchard under 
discussion it would be uiuvise to place the entire responsibilit}^ for the 
reduction of the experimental errors and for the interpretation of the 
results to be obtained upon such methods of adjustment of yields. It 
would seem safer to find the alternative plans which ax)pear to be most 
reliable for the conditions of the experiment. The application of methods 
of adjustment of yield data by means of conti<ruous test plots may still 
be made when the experiment is in o])eralion, and used in the interi)re- 
tation of the effect of the tre^atments, if tlu\y seem to lead to more reliable 
conclusions than other methods. 


AD.irSTMIONT OF YIELDS OX THE BASIS OF PAST PERFORMANCE 

It has be(*n observed in a i>revious section that in general a signifi- 
(^antly positive correlation exists in successive years between the yields 
of plots planted to annual cro|)s. It is conceivable, therefore, that tlie 
yields of tlu^ plots obtained under conditions of uniform culture mi^ht 
be used to estaldish indexes which will approximate the relative pro- 
ductive capa(*ity of the })lots. These inde-xc's mi^lit then be used for 
adjusinumt of yields to reduce the efl'ects of systematic soil variations, 
or as a. basis for locating the plots for each treatment in the experiment. 

Such a study involvin<r both })ossibilities was made many years a^o 
by Wagner. lie concluded that the relative yields of |)lots in two 
consecutive years ar{‘ not sufficiently alike for their use to be of value. 
Other workers ) with fi(‘ld cro])s liave come to the same con- 

elusion. However, their studies have been made upon the yields of single 
or of few years, rather than yields of a large number of years. As Leh- 
mann, Harris and Scofield/^*'^ and others have shown, weather 
conditions exert a great influeiu'e on relative yields of plots planted to 
annual crops, and it is possible that other results might ensue if repre- 
sentative sam|)les of the climatic effects could be obtainexl in studies of 
these methods. It also seems possible that methods of analysis may be 
used which will take advantage of iiiteraiiiiua] correlations to reduce 
variabilit^y, even though the correlations may be small. 

There are certain factors inherent in experimental Ma)rk with trees 
which strongly suggest that the use of past records in fonnulating the 
plan of an experiment may be of more value than is the case with annual 
crops. The (‘oudition of each tree at the beginning of an experiment is 
the result of its parentage and environment, by which the size, nature 
of development, and state of vigor of the plants at the beginning of the 
experiment are established, and to some extent influenced during the 
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experiment. These eharacteristics are reflected in their yields. It is 
conceivable, therefore, that significantly positive interannual correla- 
tions may be found more consistently in the case of yields of trees than 
with annual crops where, in experimental field work, individual plant 
valuations are ordinarily eliminated and the response of the j>lots 
depends only on the conditions of soil and climate prevailing in the 
particular crop year. 

Attention has already been called in the present paper to the fact 
that the yields of fruit trees and ])lots of trees in individual plantings 
have frequently exhibiteil a tendency to have about the same gross 
variation in different years. This seems to imply a correlation in yields 
of trees in different years. Such correlations have, in fact, been observed 
b}^ several writ^U's. 

The practical use of these tendencies of trees and of plots of par- 
ticular plantings to mainUiin their variability and relative i)roductivity 
over a term of years in tlie technique of orchard experiment.iition has 
been advanced by numerous investigators. Batchelor and Reed^^’ dis- 
cussed the suggestion that a knowledge of the variation of the trees of a 
planting, obtairu‘d under conditions of uniform culture, be used to 
estimate the errors of the future experiment. The suggested use of 
yield data secured prior to the beginning of the experiment has been 
(‘arried further by (.'handler^''’’ who discussed the suggestion that the 
orchard be maintained under uniform care for a period of two to four 
years. Idiots could then be so arranged that the average yield for each 
plot during this preliminary period Avould be nearly the same^®^ p. 238,^® 
else th e yield of each plot during this preliminary period (?ould be 

3 0 This procedure is similar to the technique of Wagnerd^*-^> who selected for 
comparison plots which deviated equally from the mean yield in one year under 
conditions of uniform treatment. The following year Wagner compared the detda- 
tions of these paired plots under the same cultural conditiong and found them un- 
equal. Wagn(‘r also suggested that the deviations observed in a preliminary trial 
could be used for correcting the yields in the experiment which followed. 

The method of combining plots so that the preliminary yields for eacli treatment 
were equal wa^ followed by Lehmann. ( 27 ) This investigator key)t a record of the 
yield of 105 untreated plots of Ragi or African millet, Elevsine oordoana, from 1905 
to 1907. At the end of this period he discarded the yields of 1906 because of extreme 
weather conditions, and established tho relative yield of the plots in percentage of 
the mean, a process which he called ‘ * standardization. ' ^ He discarded the plots 
which showed results widely divergent from the mean yield in 1905 and 1907 and 
averaged the yields of each of the remaining plots for these two years. These plots 
were than grouped, 2 plots to a treatment, in such a way that the mean yields of the 
combination plots were equal to the mean of the held for the preliminary period. 
No X)ubli8hc(l results of the experiment as planned by Ledimann have been found. 
His experiment was carried on for a period of five years from 1908 by L. C. Coleman 
and then abandoned, since it was thought that 'Hhis sort of experimental procedure 

would not leacl to accurate results The reason for this lay in the fact 

that dupliciite plots lay widely scattered on land lying on a fairly steep slope, »o that 
soil moisture conditions were likely to vary widdly. These depend upon a rainfall 
distribution that varies so from year to year that it would take probably ten o3r fif teeii 
years to get a fair average. ’ ' (Correspondence of L. C. Coleman dated May 31, 1929.) 
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used in weighting the results obtained from the plots receiving the 
different treatments. p. 8. 

The above suggestions concerning the application of preliminary 
yield records in the plan of the experiment seem to involve two funda- 
mental concepts : (1) that by selecting replicates for all individual treat- 
ments so that the total preliminary yield may be about equal for eacli 
treatment, a more representative sam})le of the field may be detained 
with the same number of replicated plots ; (2) that the relative yield of 
each plot obtained under conditions of uniform culture, if exiiressed as a 
decimal fraction of the mean yield of the field, may be used as a plot 
value to adjust actual yields and to reduce variation in the experiment 
which follow^s. If tlie plot value remained constant during both the 
preliminary and actual trials adjustment based on plot values obtained 
in the period of preliminary testing would eliminate variation during 
the jicriod of differential treatments. However, since the interannual 
correlations in yield have in no case been reported as eciual to + the 
plot values cannot be exi)ect(?<l to remain constant. There is an error 
attached to tlieir use whicli should be taken into consideration. The 
ordinary methods of standardization neglect this error. 

However, another method of using preliminary yields to reduce the 
errors of an experiment may be employed. This method is based upon 
the calculation of the significance of the differences between correlated 
replicates of 2 treatments. The variance of the difference is decreased 
as the correlation lietween paircal [ilots increases, in ordinary practice 
the contiguous plots are regarded as being in tlie same replication series 
for purjioses of comparison, since there is frequently a jK)sitiv(' con*ela- 
tion between nearby plots, as 11 arris, has demonstrated, it has 
been demonstrate<l heretofore, how^ever, that when this method is 
applied to these data, using few re{)lieatioii.s which are widely separated, 
tliere is, on the average, no increase in reliability. This, it has been shown, 
means that there is little average correlation betweK?n the plots of the 
same replication series under such conditions. If, however, the plots of 
2 treatments could be chosen for comparison on miy other biisis so that 
their yields would be correlated, the method of differences could be used 
to advantage. It seems probable tliat the relative yields of plots obtained 
prior to the beginning of an experiment could be used for this purpose. 
Richey, p. 1163, in a discussion of this subject as applied to a hypo- 
thetical example wdth fruit trees, states: ‘Hf data obtained on the 

yields of the same plats under uniform treatment prior to beginning the 
experiment had shown the inherent productive capacity of the plats to 
be ill this (or any other) order, it would be very desirable to pair the 
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plats as indicated by the preliminary data.'’^^ Eeeently Hoffman 
has reported the plan of a fertilizer exfierirnent with raspberries, based 
upon this principle. He selected plots for each treatment in siKili a way 
that the paired replicates were from the same yield group, as determined 
by the yields of the plants during the year 1929 under conditions of 
uniform culture. 

The special advantages of sucli an arrangement would seem to 
persist as long as the yields of the idiots, after the differential treatments 
have gone into effect, are correlated with the yields during the jmior 
])eriod of uniform car(». As long as this correlation [)ersists there would 
be some eorndation on the average betwcHUi the individual i)lots in each 
yield group. 

A scheme in orchard experimentation which is fundamentally very 
similar was followed in 1924 by Anthony.^"' Waring^*''^^ had previously 
reported that in several experimental ap])le orchards the yield of trees 
was correlated with the circumference of the trunk of the tree. An- 
thony'”^ therefore, s<dected individual paireil trees in a twenty-year-old 
orchard for different treatments on the basis of their equality in trunk 
circumference. He then planned to com])are these paired trees by a 
method of differences. Since girth at the time the exi)eriment is started 
is the result of gi'owth fireceding that time, and Waring had shown that 
girth is correlated with yield, the method is similar to that involving the 
pairing of y)lots on the basis of past yields. 

If the preliminar}' yields of tr(K*s and [)lots of trees are (‘orrelated 
with their yields during an ex{)eriment, an advantagre additional to 
those mentioned can be secured by arranging the plots on the basis of 
their })i‘eliniinary }delds. Tin’s is the possibility of obtaining for each 
treatment, samples of the trees (ami plots) which ai’e fairly re{>rf'scnta- 
tive of the variability of the experimental material. By this is meant 
the opi)ortunity of selecting plots sui)porting tr(‘es in different condi- 
tions for each treatment. It is possible that some treatments miglit 
affect trees in all (-.onditions of vigor which })revail in the ))lantings, 
while otliers may be eff'ective onI\ on trees relatively low in vigor. Such 
relations would be of great interest. In case a treatment does affect plots 
of the several yield groups differently, the correlation of the yields 
before and after treatment would probably be changed by that par- 

ic A method of arrnngem(mt of the experimental orcdiard xinder congideration, in 
such a way that the mean y>reliminaiy yields of all treatments would be equal, and 
in whiedi the plots of eacdi treatment were arra.nged in the order of productiveness 
so as to permit the use of Student 's(Gto method for the determination of the mean 
Miiiance of the <iif(‘erence between treatments was suggested by Mr. Bichey in 
correspondence with tlie authors dated May 28, 1925. 



Oct., 1932] Parher-Batchelor : Variation in Yields of Fruit Trees 


133 


ticular treatinent from the relation that would have prevailed had the 
original cultural conditions been maintained. It is difficult to tell before- 
hand, however, whether alterations in this correlation would greatly 
change the differences necessary for significance in the actual trial. Tlie 
coefficient of vai'iation of the combination plots would also be altered 
and very possibly in the same direction as the change in the correlation 
coefficient. In any event the inclusion of the same number of comparable 
trees in each combination plot would seem desirable from a horticultural, 
as well as from a statistical point of view. 


IVLAN OF THE EXIH^RIMENT AL OR(TIARI) 

The jiresent experinumt with Washington Navel orange trees has 
been ])laniied in an attem[)t to makt‘ use of any lienefit whicli may accrue 
through study of the yields f)rior to the beginning of the differential 
treatments. This i>lan was placed in operation during the s])ring of 1927. 

Sol(‘ (lependenee, however, upon methods of inter{)retation of the 
future exjxu'iment based upon standardization ]»rocesses. would, with 
our [>r(‘S(‘nt knovvledg(% in\'()lv(‘ certain dangers which havi^- not been 
disregarded, (thief of th'*se, even if the climate be adecpiately sampled, 
is that th(* correlation of yields before and after th(‘ beginning of the 
treatments n>ay not be high enough for direct adjustnumt to be effective. 
This inight be due to increasing age of the trees, which might influence 
their reaction U> a given set of conditions. A likely source of disturbance, 
also, is the possibility that soil changes, either natural or because of 
trcatnumt, may be prognessive aiul that their effects may be cumulative 
either in the soil or in the trees. Ender su(*h conditions yields of the 
trees would reflect the changed (conditions. It is felt, therefore, altliough 
the preliminai'y data may be valuable in the pre.sent case, tliat i)recau- 
tions should be taken to make possible the use of otlier nudhods of 
analysis than those based u])on it. 


MTMBER OF UEimK ATlONS 

It was })ointe(l out above that increasing the number of [)lots devoted 
to each treatment increases the likelihood that a rei)resentative sample 
of the field will be obtained for each ti'eatment. When the replicates 
were systematically distributed in blocks I to ]M inclusive, the reduction 
in variability obtained by rei)li(*.ation was ap[>roximately that ex[>eeted 
on the basis of random sampling. Although it would be desirable to have 
a large number of replicates for each treatment it is nearly always 
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necessary to limit the number. Since the number of treatments whieh 
it is necessary to try in the present experiment is large, the number of 
replicates for each treatment must be small. The most practical use of 
the area for the present purpose appears to result when 4 plots are used 
for each treatment. This number of plots was found to be satisfactory 
by Batchelor and Reed^^^ in their study of orchard uniformity trials. It 
has also l)een found of satisfactory reliability by Livermore for po- 
tato trials with single-row plots 36 feet long, the variability of which is 
comparable to that of plots in orchard trials. 

This limitation of the number of replications lessens the accuracy of 
interpretation of the experiment. However, it is believed that the loss 
in accuracy due to this factor will be cornpensatexl by the cumulative 
effect of the treatments. There is also the possibility of interpreting the 
future experiment by means of pairing plots in this experiment. This 
possibility is enhanced by the fact that the specific treatments have 
been planned in such a way that in many causes a larger number than 4 
plots may be eomparecl. These possibilities, however, depend on the na- 
ture of the treatments and cannot enter into the present discussion. 

The reliability of comparison between any 2 treatments, each re- 
peated 4 times on plots w4iicli are not correlated in yield, can be approx- 
imately determined. If the coefficient of variation of the |)lots is the 
same during the period of differential treatments as before their initia- 
tion (see p. 114), average differences of approximately 16.7 per cent 
would be necessary between 2 treatments. If the variation can be reduced 
by any method, however, the differences necessary for significance will 
be decreased proportionately. 


TIfE ALLOCATION OF CIIECK PLOTS 

Although the use of check plots involves some assumptions, it has 
certain advantages which safeguard mi experiment that may be of long 
duration. Adjustment of the yields of test plots by cheek plots is done 
without intro<luction of a priori knowdedge. Studies of preliminary 
yields have indicated that increased reliability WT3uld be obtained by 
adjustment based upon cheek plot yields in the planting under consid- 
eration. Cheek plots are ordinarily located at intervals which are close 
enough to render comparisons between the cheek treatment and each 
individual treatment rather more accurate than, compaidsons between 
any other 2 treatments. Check plots should be frequent enough to give a 
reliable sample of the field as a whole, and thus permit the determina- 
tion of average variation, and of the effects of climatic influence and 
the time factor upon the variations of soil and trees. 
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It is thought that the possible advantages of check plots should not 
be overlooked in the plan of this experimental orchard. Under condi- 
tions of uniform treatment prior to the beginning of the experiment, 
adjustment by check plots rendei-s significant differences of about 12 
per cent in one direction between any 2 combinations of 4 plots each 
(table 20, values of column 6 divided by V4 ). Differences as low as 
about 8.3 x)er cent in one direction might be significant in comparisons 
of any j)articular individiial treatment of 4 plots each with the check 
treatment (value for D on x)age 125 divided by V4) . These decreases in 
differences necessary for significance justify the use of check plots. 
Provision has therefore been made for them in the future experiment. 

However, the necessity of trying many treatments in the experiment 
requires tliat the number of check plots be kept as small as possible. 
In the above study of the effect of adjustment by means of syst emati(*.ally 
replicated checks, it was indicated that the more frequent the check 
plots the greater was the reduction in variation of test ])l()ts after adjust- 
ment, with the excej)tion of the inadvisable case where the checks were 
located on each side of the field. The gain in precision is slight, however, 
as the number of check plots is increased. It seems that the release of as 
many plots as possible for use as test i)lots would outweigh the slight 
gain in reliability to be obtained by having checks at the more usual 
intervals of 3 to 5 plots. It has been decided, therefore, to use 25 check 
plots in the field of 199 }>lots. The area which they occupy is 12.6 per 
cent of the whole x^lanting. 

The location of the.se 25 check plots lias been determined arbitrarily 
on the basis of their yields during the preliminary period of uniform 
culture. This has been done in such a way that they are a fair sample 
for the preliminary period of the yield of the field as a whole, and also 
of the local areas in which each j)lot is situated. It is planned that these 
X)lots shall be used to measure the continuity of relative differences 
l)etween various sections of the field before and after the initiation of 
the treatments. For this reason, but chiefly to avoid confusion with the 
usual use of cheek plots, they have been called “continuity plots. 

Inspection of the data of the mean annual yield per tree of each ])lot 
for the six-year period (table 16), shows that there is frecpiently a 
tendency for groups of plots to yield approximately alike. Goirse- 
quently, these plots >vere grouped together as nearly as was practicable, 
with regard for numbers of plots in each group and for the location of 
the groups as a whole in relation to each other. Tlie mean yield of each 

The more productive areas were correlated with the presen(i4> of sliglitly more 
luxuriant leaves in the early spring of 1927. 
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^roiip of plots was determined. One plot in each ^roiif), the yield of 
which was as close as possible to the mean yield of the group, was then 
selected as the continuity plot. Occasional compromises were made in 
order to secure a more satisfactory geographical scattering of the con- 
tinuity plots. The location of the plots selected is indicated in teble 16. 


TABLE 21 


Preliminary Yield of Continuity Plots and Mean Yiei.d of Piuts in Area 

Adjacent to Each 

(Moan annual yields per tree for 1922-1927) 


Continuity plotH 


Adjactmt plots 


T/Ocation 

Yield 

Number of 
pU)ts* 

IvocAtion 

Mean yield 

D8 

pound a 

137 

G 

D2 - 

D14 

pound a 

134 

D24 

121 

G 

DIG - 

D28 

1L5 

D38 

1.33 

8 

D30 - 

D4G 

1 36 

D48 

117 

.3 

D48 - 

D54 

115 

E4 

127 

6 

E2 - 

E!4 

126 

1:20 

116 

4 

KlG - 

E24 

116 

F3(i 

138 

5 

F32 - 

F42 

139 

F52 

149 

4 

F44 - 

F54 

148 

(i24 

123 

7 

(i22 - 

G3fi 

128 

(i44 

144 

8 

(138 - 

(L54 

146 

111(1 

130 

G 

U14 

M2G 

12.3 

113(1 

143 

6 

1128 - 

1140 

142 

U48 

129 

5 

U42 - 

11.54 

126 

14 

120 

6 

12 

114 

121 

128 

129 

14 

lit) - 

144 

130 

,18 

115 

10 

.12 - 

.322 

118 

.134 

134 

10 

.124 - 

.144 

132 

K(j 

109 

5 

K2 - 

KI2 

no 

K20 

127 

7 

K14 

K28 

123 

K44 

143 

7 

K30 - 

K44 

140 

LIO 

11.3 

10 

1.2 - 

L24 

115 

L30 

131 

8 

1.26 - 

U4 

1,30 

M4 

95 

7 

M2 ~ 

MIG 

96 

M24 

1(X3 

7 

j M18 

M.32 

106 

M40 

121 

5 

j M34 - 

M44 

119 


* Excluding plots removed from the experiinont, and continuity plots in 
each groui). 


In this table the groui)^ of plots relatcxl to each continuity plot are also 
indicated. The mean aiimial yield per tree of each continuity plot over 
the six-year period is f(iven in table 21, where it may lie compared with 
the mean annual yield jier tree of the related jjlots. The correlation 
between the mean of all related test plots and their companion continuity 
plots is high (-j- 0.721 dr 0.025), and compares very favorably with the 
correlations Ix’tween actual and theoretical cheek yields of test plots 
calculated from systematically distributed clieck plots (table 19). 
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Such a correlation, i£ maintaine<i, should result in a decrease of 
error, provided adjustment based upon the use of these plots as the 
theoretical check yield of the group of adjacent test plots is advisable. 
Using the preliminary yields of blocks I to M, adjustment of the yields 
of test plots was found to reduce their coefficient of variation 27.4 per 
cent of the unadjusted variation (from 13.43 [)er cent to 9.75 per cent), 
when tile assumption was made that the yield of the theoretical check 
for each test plot is equal to the yi<‘ld of the continuity ])lot in the same 
series. When the entire 195 plots are considered, the reduction in the 
coefficients of variation is 30.2 per cent of the unadjusted coefficient, 
from 13.03 per cent to 9.10 per cent. This reduction of variation is as 
great as that obtained by t he use of cheek plots systematically replicated 
at more frequent intervals. With tlie coefficient of variation of 9.10 
per cent, the odds are 30 to 1 that diilerences of about 11.7 jier cent 
would be significant Ind ween 2 treatments of 4 noncorrelated j)lots each. 
An advantage exists over the sy.stematic arrangement giving similar 
reliability, however, sinc(^ a (considerable number of plots are released 
for experimental purposes by the arrangeimmt used. In case the yields 
of the plots in each of the groups about a continuity j)lot fail to be corre- 
lated ill the future, tlie f)lots can be handled as if they were check plots 
distributed at irregular intervals. This would increase the errors of 
(*oni])arisons betwe(ni adjustinl yields but slightly, presumably to a point 
somewhere near that which would be givmi by the use of check plots 
distributed syst(nnatieally at intervals of 8 plots. 


THE ALLCK'ATIOX OF ( OxVllilNATlONT PUTrS 

After the selection of 25 (‘ontinuity plots, there rtmiain 170 plots 
satisfactory for use as test plots, since 4 plots were temporarily elim- 
inated because of injuries to the trees. The coefficient of vai'iatiqn of 
these 170 jilots is 13.03 })er cent. Two i>lots are to be used for special 
purposes. The 1()8 remaining plots have been divided into 42 treatment 
]>lots of 4 units each. 3Tie nature of these treatments is described 
elsewhere. 

The location of the plots for each treatment has been determined 
arbitrarily. The following considerations have had weight in th(‘ allo- 
cation : 

1. Preliminary yield: In order to increase the reliability of the 
sampling an eftort wiis made to select plots which represent tlie range of 
variation of the orchai*d for each treatment. With this in view, the mean 
yields of the plot^ were arranged in ascending order, and then separated 
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into 4 yield gr(>ui)S. Four plots were selected for each treatment in such 
a way that the mean yield of the 4 plots for 1922-27 was practically 
equal to the mean yield of the field The plan was to select 1 plot of 
each quartile group for each treatment, but it was impossible to follow 
this procedure exactly, since compromises were occasionally made neces- 
sary because of the importance of other factors. 

2. Satisfactory geographical distrUnitioyi: This factor was consid- 
ered of great importance. If the yields of a plot after the beginning of 
the treatments are not correlated with the yields of that plot during 
the preliminary period, it would be desirable to have a random distribu- 
tion of the unit plots of each treatment. This could be obtained most 
satisfactorily on the basis of r^uidom replication. 

Another very important reason for obtaining a good geographical 
scattering of the unit test i)lots of the treatments is that it helps to 
protect the experiment from the local effects of accidental or of climatic 
injuries. These factors might be very important in affecting the yields 
of onJj^ a part of the planting. The scattering of the plots minimizes 
the chance that tliey wdll seriously affect the treatment means. In case 
the injury is so severe as to make the elimination of the records of a 
part of the field advisable, it is improbable that more than 1 unit test 
plot of a treatment wnuld l)e discarded if tlie plots were distributed in 
this way. Some results would, therefore, be obtained from the remain- 
ing plots. 

3. Ease of visual couiparisons : The desire to compare certain treat- 
ments made it advisable to locate one replication of contrasting treat- 
ments in such a way that the comparable plots may be easily observed. 

4. Ease of cultural operations: The grouping of plots which are to 
be cultivated alike is important in conducting an experiment of this 
kind, the success of wdiich depends upon the reliability of the field oper- 
ations. Jn general, such plots have been grouped in pairs one above the 
other from east to west, and occasionally in parallel pairs from north 
to soutli. This makes it po.ssible to hasten the seasonal operations, such 
as the distribution of bulky fertilizers, as well as plowing and cultiva- 
tion, which differ in the various treatments and wdiich must be per- 
formed as nearly simultaneously as practicable. 

The distribution of the 42 treatments is shown in table 22. 

The preliminary yields of the unit plots making up the combination, 
or treatmen t, plots are given in table 23. In this table the yields are 

method used by liChmann.(27) it vvas independently suggested by 
Mi. P. 1). Kiohey, in corresporKienee coneerning the present orchard, who also sug- 
gested that it might be desirable to obtain nearly equal standard deviations for the 
different treatrnents. The method employed has approximated this condition, 
although the distribution has additional advantages, as indicated above. 
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arranged in ascending order to show the distribution which was ob- 
taineil for the plots of each treatment. The actual yields of each plot 
are given in pounds (table 23, col. J), and also in the percentage which 
they constitute of the mean yield of the field as a whole for the six-year 
period (col. 5). It may be seen that all the combination-plot means are 
approximately equal (cols. 4 and 6 ). 

TABLE 22 

Distribution of Treatments in the Field 


Plot 

Blocks 

M 

L 

K 

.1 

I 

H 

G 

F 

E 

D 


I'roatrnent No. 

2 

10 

23 

30 

26 

29 




10 

12 

4 

C* 

24 

38 

6 

C 




C 

40 

6 

2 

20 

C 

40 

18 




7 

13 

8 

29 

32 

41 

C 

38 




14 

C 

10 

35 

C 

19 

9 

13 




41 

36 

12 

18 

21 

25 

7 

12 




8 

6 

14 

5 

1 

27 

10 

37 

39 



9 

6t 

10 

4 

3 

31 

14 

42 

C 



11 

6t 

,18 

15 

9 

24 

8 

15 

28 



20 

I 

20 

19 

8 

C 

33 

36 

16 



c 

31 

22 

17 

0 

17 

11 

19 

22 

27 


5 

2 

24 

C 


32 

39 

24 

21 

C 


42 

C 

20 

13 

10 

36 

28 

25 

23 

38 



4 

28 

12 

7 

18 

10 

C 

35 

39 



3 

30 

14 

a 

15 

22 

30 

20 

36 



30 

32 

33 

11 

5 

20 

27 

0 

24 

19 


21 

34 

31 


42 

C 

17 

7 

32 

33 


37 

36 

36 

38 

29 1 

34 

31 

C i 

40 

c 


34 

38 

22 

28 

4 

1 

32 

37 

1 

2 


C 

40 

C 

40 

3 

2 

21 

10 

3 

20 


28 

42 

30 

26 

16 

23 

9 

11 

4 

5 


23 

44 

39 

37 

C 

35 

41 

— 

C 

29 


24 

46 






8 

25 

17 


15 

48 - 






C 

12 

22 


C 

60 






14 

13 

18 


26 

62 






34 

41 

C 


27 

64 






33 

42 

— 


25 


• C ropreaents continuity plot, 
t Demonstration plots. 


FUTIIEE COMPARISONS 

The statistical analysis of the reliability of the differences which may 
be obtained between treatments in the future trials can be made by 
several methods. However, the feasibility of comparisons between 
treatments based on differences between plots which were correlated in 
yield during the preliminary period of testing will be an object of future 
study. For the purposes of such comparisons, differences would be 
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These 4 subcolumns represent the 4 yield groups selected by the method described on pp. 137-138, Mean annual yield of all plots* 125.7 ix>unds. 
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Th^e 4 subcolumns represent the 4 yield groups selected by the method d^cribed on pp. 137-138. Mean annual yield of all plots = 125. 7 pounds. 
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obtained between pairs of the unit plots, the preliminary yields of each 
pair being in the same yield group as indicated by their position in the 
same vertical subcolumn of table 23, column 3 . 

The magnitude of the differences between treatment means which 
would have been necessary for any given level of significance if the 
orchard, as finally laid out, had been under differential treatment from 
1922 through 1927, can be determined from the available data. Accord- 
ing to Student 's' method for determining the average variance of a 
difference between the mean yields of the treatments as allocated above, 

“ 3.9 pounds. The probable error of the mean difference is, there- 
fore, 1.33 pounds or l.Ob per cent of the mean yield per tree of all plots. 
If odds of 30 to 1 are desired for significance, this last figure is multi- 
plied by 2.7 to obtain the average percentage difference between treat- 
ment means necessary ; this is only 2.86 per cent of the mean annual yield 
per tree of all plots. 

The correlation between plots in the same yield group cannot be ex- 
pected to remain as high in the future years of the exi)eriment as during 
the period of preliminary observation. In this event larger differences 
than those just noted will be necessary for significance. It seems prob- 
able, however, that a significant correlation will exist for many years, if 
not for the duration of the experiment, in which event it will have the 
effect of reducing the error of the ex])eriment. If this correlation be- 
comes small it is possible that methods of interpretation based upon 
adjustment of yields to check [)lots, or ui)on other methods, may lead to 
more accurate conclusions. 


SOME RELATIONS OF TJIE VARIATION OF MEASUREMENTS OF TREK SIZE TO THE 
PLAN OF THE EXPERIMENT 

Up to the present point the discussion of the plan of the experiment 
has been concerned chiefly with data, of yields. Although yield data 
may be considered the most important criterion of the effects of the 
cultural treatments which are to be experimented with, they should be 
supplemented with other measures, particularly of the growth of the 
trees. According to the plans adopted, the area of cross section of the 
smallest jioint on the trunk and the volume of the top of the tree will 
be used as indexes of this response. Trunk measurements have been 
made annually since 1918, while careful top-volume measurements have 
been made since 1922. 

Although it appears unnecessary for the purpose of the present 
paper to enter into a detailed analysis of the variation of the .size of 
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t Area, of cross section at a constant point on the trunk. 
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the trees as indica ted by trunk size and volume of top, certain statistics 
will be of value, especially in showing some relations of these criteria to 
the plan of the experiment as laid out. 

In table 24 are recorded the means, standard deviations, and coeffi- 
cients of variation of the size measurements of trees and also the mean 

TABLE 25 

Mean Top Volume in Cubic Feet per Tree for Each Plot, November, 1926 


Blocks 


J’lot 

M 

L 

K 


I 

11 

G 

F 

E 

D 

2 

733 

758 

757 

780 

927 




874 

868 

4 

725 

769 

868 

703 

858 




954 

921 

G 

845 

761 

815 

723 

947 




761 

829 

8 

776 

750 

784 

817 i 

934 ! 




909 

1,014 

10 

755 

777 

800 

869 

1,014 




936 

936 

12 

735 

825 

818 

801 

926 




848 

814 

14 

853 

887 

876 

791 

921 

1.115 



881 

783 

16 

812 

831 

888 

804 

855 

992 



596 

710 

18 

787 

827 1 

825 

803 

921 

917 



8(U) 

895 

20 

099 

821 

935 

893 

945 

1,001 



836 

811 

22 

803 

780 

891 

969 

995 

983 

901 


802 

871 

24 

764 

* 

857 

944 

858 

1,005 

898 


701 

799 

26 

759 

799 

778 

819 

857 

^ 979 

829 



889 

28 

862 

823 

863 

840 

1 863 

965 

973 



839 

30 

756 

754 

847 

887 

854 

930 

866 



877 

32 

799 

1 791 

799 

904 

! 845 

797 

918 

1,071 


784 

34 

738 

• 

845 

780 

942 

866 

919 

916 


732 

36 

750 

790 

843 

848 

! 947 

901 

975 

^ 976 


813 

38 

727 

801 

817 

771 

806 

807 

927 

747 


809 

40 

791 

819 

826 

867 

848 

878 

854 

865 


830 

42 

696 

730 

885 

822 

894 

882 

i 789 

905 


811 

44 

710 

813 

832 

850 

796 

• 

873 

896 


849 

46 






815 

885 

963 


944 

48 






843 

849 

901 


750 

50 






840 

840 

895 


924 

52 






829 

020 

1,006 


847 

54 






m 

959 

* 


823 


* Idiots omitted bwause of injury to trees. 


size per tree of all plots, as determined in the fdl of tlie years 1922 to 
1926 inchiKsive. The abnormal tret^s eliminated from the records of 
yields are not included in the data. The coefficients of variation empha- 
size the relative uniformity of the size of the trees. However, large 
individual fluctuations are easily possible with the variation recorded. 
This is verified by a study of the mean size jier tree of plots in the 
various years, examples of which are given for the fall measurements of 
1926 in tables 25 and 26. 

It may also be obseiwed upon reference to tables 2, 11, and 24, that 
the variability in the size of tree at any one time of measurement is 
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less than that of the yields in the same c?rop year. As in the case of 
yields, the means of the measurements of the trees in each plot show 
less variation than do the measurements of individual trees. The reduc- 
tion in the coefficients is not, however, as g^reat as that which would have 
been expected by the random combination of the same number of trees. 


TABLE 26 

Mean Area of Trunk Cross Section in Square Centimeters per Tree 
FOR Each Plot, November, 1926 


Plot 

Blocks 












M 

L 

K 

J 

I 

H 

G 

F 

E 

D 

2 

111 

109 

104 

117 

129 




132 

134 

4 

in 

114 

112 

105 

129 




134 

142 

6 

118 

114 

113 

107 

128 




121 

127 

8 

110 

113 

109 

129 

133 




130 

139 

10 

115 

120 

127 

123 

141 




135 

136 

12 

113 

125 

122 

117 

130 




135 

129 

14 

126 

121 

137 

120 

146 

153 



132 

128 

16 1 

122 

122 

131 

120 

135 1 

148 



103 

114 

18 1 

122 

117 

120 

127 

149 ! 

136 



133 

131 

20 

115 

115 

126 

127 

143 

142 



128 

126 

22 

129 

122 

133 

127 

134 ! 

140 

140 


129 

127 

24 

132 

* 

127 

124 

129 ! 

137 

133 


118 

125 

26 

132 

126 

117 

131 

137 

128 

129 



128 

28 

127 

122 

141 ' 

127 

123 1 

127 

134 



128 

30 

128 

121 

133 

139 

132 

127 

130 



137 

32 

1^ 

119 

128 

126 

138 

122 

129 

144 


132 

34 

114 

• 

135 

119 

139 

132 

135 

124 


125 

36 

122 

119 

133 

123 

133 

136 

137 

132 


126 

38 

107 

117 

114 

123 

122 

128 

136 

125 


125 

40 

128 

118 

134 

124 

118 

133 

126 

123 


130 

42 

118 

no 

120 

118 

136 

123 

131 

132 


128 

44 

112 

121 

132 

130 

113 

* 

127 

131 


133 

46 






118 

134 

147 


139 

48 






127 

132 

125 


126 

50 






131 

128 

128 


137 

52 






129 

134 

143 


138 

54, 






135 

142 

• 


131 


* Plots omitted because of injury to trees. 


It is apparent that the sizes of trees in the same plot are correlated, and 
that systematic influences aifect their growth in various parts of the 
orchard. 

A striking point in the data of table 24 is that during the years 1922 
to 1926 inclusive, the variation of the size measures of trees and of plots 
fluctuates very little in the various years. This suggests that there is a 
high positive correlation in the sizes of ti*ees in the various years. In 
fact, the coefficient of correlation between the mean top volume per tree 
of each plot in 1922 with that in 1926 has been found to be + 0.693 
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±: 0.025. The coefficient of correlation for the mean area of cross section 
of the trunk of the trees of each plot for the same dates is + 0.889 
±: 0.010. These hi^h positive correlations su^rgest that the relative size 
of trees in the different plots may tend to be more or less constant for a 
considerable period of time. This is in agreement with the observation 
upon orange trees of Webber/***^* and Webber and Barrett/^^®^ 
and also with the conclusions of 


TABLE 27 

Correlation Coefficients of Yield of Trees and m^oTs with Area of Trunk 
Cross Section and Top Volume in the Same Crop A^ear* 


Year, spring of 

Coefficients of corrolatu)u between yield 
and size 

On the basis of 
individual trees 

On the basis of 
plot means 

Size measured by area of trunk cross section 

1923 

1924 

1925 

1926 

1927 

+0 109rb0 017 
+0 233rfc0 016 
+0 247±0 016 i 
+0 278±0 016 
+0 322dr0 016 1 

-4-0 220±0 046 
+0 5904:0.031 

4 0 307±0 ()44 

4-0 3314:0,043 

4-0 342i0 043 


Size measured by top volume 

1923 

4-0 248±0 016 

4-0 3354.0 043 

1924 

4-0 478drO 013 

40.625db0.029 

1925 

40 33I±0 015 

4-0 4534:0 038 

1926 

4-0 286±0 016 

4-0 2404:0 046 

1927 

•40 297 ±0 016 

+0 3414.0 043 


* Total populationH: 1,513 to 1,519 trees and 195 plots. 


The relations of the sizes of the trees to their yields are iiidieated in 
table 27. In this table the cot'fficient of correlation between the cross- 
section area of the trunk, and Jilso between the volume of individual 
trees, with the yields of the same trees in the same crop year, are pre- 
sented. Similar eoefficients are given for the correlation between the 
mean size and the mean yield per tree of [)lots for those years. The 
correlations are all positive and significant. This information indicates 
that in the trees of this planting there has been a tendency for the larger 
trees to be the higher producers. 

The question naturally arises as to whether size of top or size of 
trunk is a l>etter index of growth. The two measures are highly corre- 
]ate<i in the records available at the present time. Thus in 1922 the 
coefficient of correlation between cross section and top volume, on a 
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plot basis, was + 0.701 ±: 0.025. In 1926 the same calculation rendered 
a coetBcient of + 0.717 zh 0.023. On a tree basis the correlation between 
the two measures in 1926 was + 0.659 ± 0.010. However, the coeffi- 
cients ^iven in table 27 indicate that in most years the correlation 
between yield and top volume was only slightly higher than that between 

TABLE 28 

Mean Area of Trunk Cross Section and Mean Top Volume per Tree of 
Continuity Plots and Mean of Plots Contiguous to Each* 


Locfition 

of 

continuity 

plots 

Location 

of 

adjacent 

plots 

Mean area of trunk cross 
section, in square centi- 
meters per tree 

Mean top volume, in 
cubic feet per tree 

i 

Continuity 

plots 

Mean 

of adjacent 
plots 

Continuity 

plots 

Mean 

of adjacent 
plots 

D8 

D2 - DI4 

139 

133 

1,014 

859 

D24 

D16 - D28 

125 

126 

799 

836 

1)38 

D30 - D46 

125 

131 

809 

830 

D48 

D48 - D54 

126 

1.35 

750 

865 

FA 

E2 - E14 

134 

1 131 

954 

868 

E20 

E16 - E24 

128 

121 

836 

755 

F30 

1*32 - F42 

132 

130 

976 

901 

F62 

F44 - F54 

143 

1.33 

1,006 

914 

G24 

G22 - G36 

1.33 

1,33 

898 

912 

G44 

G38 - G54 

127 

133 

873 

878 

H16 

HI4 - H26 

148 

139 

992 

833 

1136 

1128 - H40 

136 

127 

901 

874 

H48 

H42 - 1164 

127 

127 

843 

844 

14 

12 - 114 

129 

135 

858 ' 

945 

128 

116 - 144 

123 

133 

863 

{ 883 

.18 

J2 ~ J22 

129 

119 

817 

814 

J34 

.124 - J44 

119 

127 

780 

855 

K6 

K2 ~ K12 

113 

115 

815 

805 

K20 

K14 - K28 

126 

129 

935 

854 

K44 

K30 - K44 

132 

128 

832 

837 

LIO 

L2 - L24 

120 

117 

777 

801 

1^0 

L26 -- L44 

121 

119 

754 

796 

M4 

M2 - M16 

111 

118 

725 

787 

M24 

M18 - M32 

132 

125 

764 

781 

M40 

M34 - M44 

128 

115 

791 

i 

724 


* Measured in November, 1926. 


yield and area of cross section of trunk. It should be emphasized that 
the trees were growing fairly vigorously during this xieriod. (See table 
24 for mean size in the different years. ) It seems possible that if acci- 
dental injury or the effects of treatments reduce the volume of the top 
greatly, top volume might become the better criterion. 

At the conclusion of a preliminary period of testing, it is possible 
that size might be a better criterion of future productivity than yield 
and that the experiment might be planned more satisfactorily on that 
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TABLE 29 

Mean Top Volume and Mean Area of Trunk Cross Section of Unit and 
Combination Plots, November, 1926 


Treatment No. 


1 

2 

3 

4. 

6 

6 

7. 


10 

11 

12 

13 

14 
16 
16 

17 

18 

19 

20 
21 . 
22 . 

23 

24 

25 
26. 
27. 
28 
29. 

30 

31 

32 

33 

34 

35 
36. 
37 

38. 

39. 

40. 

41 

42 


Mean of all plots 


Moan top volume, in 

cubic feet per tree 

Mean area of trunk cross sec- 
tion in square centimeters 
per tree 

Of respective plots* 

Mean 

Of respective plots* 

Mean 

895 

771 

887 

927 

870 

131 

123 

121 

136 

128 

845 

871 

747 

867 

833 

118 

127 

125 

124 

124 

839 

831 

854 

826 

838 

128 

122 

126 

134 

126 

812 

817 

889 

789 

827 

122 

114 

128 

131 

124 

853 

802 

799 

905 

840 

126 

129 

128 

132 

129 

703 

797 

814 

780 

774 

105 

122 

129 

122 

120 

761 

823 

801 

866 

813 

121 

122 

117 

132 

123 

821 

803 

815 

848 

822 

115 

127 

118 

136 

124 

869 

827 

881 

894 

868 

123 

117 

132 

130 

127 

874 

799 

791 

878 

836 

132 

126 

120 

123 

125 

596 

791 

909 

882 

810 

103 

119 

127 

123 

118 

926 

862 

868 

849 

876 

130 

127 

134 

132 

131 

759 

1,014 

829 

840 

861 

132 

HI 

127 

128 

132 

756 

804 

840 

909 

827 

128 

120 

131 

130 

127 

787 

921 

944 

847 

875 

122 

149 

139 

133 

136 

725 

1,001 

840 

885 

863 

111 

142 

127 

120 

125 

803 

942 

891 

963 

900 

129 

139 

133 

147 

137 

735 

863 

895 

947 

860 

113 

141 

128 

128 

128 

699 

800 

995 

1,071 

891 

115 

127 

134 

144 

130 

761 

860 

865 

904 

848 

114 

133 

123 

126 

124 

825 

1,005 

901 

848 

895 

125 

137 

125 

118 

126 

983 

727 

887 

784 

845 

140 

107 

139 

132 

130 

758 

979 

811 

822 

843 

109 

128 

128 

118 

121 

825 

858 

918 

849 

863 

120 

129 

129 

133 

128 

823 

867 

818 

885 

840 

131 

137 

122 

134 

131 

780 

924 

730 

930 

841 

117 

137 

110 

127 

123 

901 

847 

845 

876 

867 

140 

138 

138 

137 

138 

819 

830 

917 

801 

842 

131 

130 

136 

117 

129 

776 

927 

843 

896 

861 

119 

129 

133 

131 

128 

757 

696 

877 

854 

796 

104 

118 

137 

132 

123 

811 

738 

888 

947 

846 

126 

114 

131 

133 

126 

750 

867 

806 

919 

833 

113 

127 

122 

135 

124 

855 

799 

916 

893 

866 

135 

120 

124 

127 

127 

769 

829 

813 

848 

815 

114 

129 

126 

123 

123 

755 

936 

850 

965 

877 

115 

136 

130 

127 

127 

778 

945 

750 

866 

835 

117 

143 

122 

130 

128 

921 

813 

732 

807 

818 

146 

121 

125 

128 

130 

829 

868 

934 

790 

855 

129 

112 

133 

119 

123 

710 

944 

1,115 

973 

936 

112 

124 

153 

134 

131 

723 

975 

819 

921 

860 

107 

137 

118 

142 t 

126 

784 

796 

936 

920 

859 

109 

113 

135 

134 

123 

855 

761 

959 

845 

855 

135 

118 

142 

135 

133 


849 


127 


* The order of the plots is that of increasing yields, as given in table 23. 
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basis* In the present experiment with Washin^n Navel orang:es, it is 
anticipated that the growth responses of the trees to the different treat- 
ments can be interpreted with increased satisfaction because the pre- 
liminary records of size are available. It also seems possible that if size 
at the beginning of the differential treatments should be a better index 
of future yields than past yields, then size may be taken into account in 
the interpretation of yield data. 

The relation of the mean size i)er tree of the plots to the future 
experiment, as planned, is indicated in tables 28 and 29. Table 28 shows 
the mean area of cross section of the trunks of the trees and their mean 
top volume in the continuity plots, and in plots contiguous to them, in 
a manner similar to the yield data of table 21. From the data of these 
tables it may be seen that there was considerable difference in the size 
of the trees in the different areas of the orchard at the start of the 
experiment, and that the mean size of trees in the plots chos(m for the 
continuity treatment is on the whole correlated with the mean size of 
trees in contiguous plots. 

In table 29 the size measurements per tree for 1926 are given for the 
plots of each treatment, and the means of the values for the 4 plots are 
also recorded. These means indicate that the plan of the experiment 
on the basis of yield during a six-year period has resulted in providing 
each treatment with a group of plots the mean size per tree of which 
was, generally, very uniform at the time the experiments were begun. 
However, some noticeable exceptions Indween treatment means do exist. 
If it should be indicat(x3 by future records that these differences are 
important in influencing yields, it may be possible that adjustment of 
yields by them might be advantageous. 


SUMMARY 

The fluctuations of yield of plants in experimental fields that are 
independent of the factors under trial, are of such importance that they 
must be taken into account in the plan of the experimental field and in 
the interpretation of the results obtained. Such difficulties are espe- 
cially great in experimentation with trees because of the area of land 
involved and the long life of the plants. These considerations greatly 
increase the difficulty of securing a representative sample of the plant- 
ing for each treatment. 

Various methcKls have been proposed for the planning of experi- 
ments and interpretation of experimental results obtained under field 
conditions. Studies of uniformly treated fields and orchards have sug- 
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guested that the application of certain principles may depend on the 
individual characteristics of the field for their effect. The study of the 
characteristics of the individual orchard while under conditions of 
uniform treatment before the bej?innin^ of the experiment proper has 
been emphasized as havinj^: a bearing upon the plan of the future trials. 
The results of such a study are herein recorded. 

The material consists of 199 plots of Washington Navel orange trees 
planted on land which had been originally uniformly cropped to grains 
under dry-farming conditions. The plots are of 8 trees each, arranged 
in a single row. Plot rows are separated by guard rows of trees of other 
citrus fruits. The rootstocks, buds, and nursery trees were carefully 
selected in an attempt to secure uniformity. The nursery trees were 
well mixed and planted at random. The irrigation system was arranged 
so that each plot could be separately irrigated in accordance with soil- 
moisture conditions. The orchard was maintained under as nearly uni- 
form conditions as practicable until 7 crops (1921 to 1927 inclusive) 
had been harvested. At the end of that lime the differential treatments 
were f)ut into eflect. 

It was observed that the distribution of yields of trees approached 
that of the normal fre(piency curves in six of the seven years for which 
studies were made. In the first year of bearing (1921) , the distribution 
was not normal. The mean yield per tree of plots in all years was of 
practically normal distribution. The use of statistical formulas based 
xipon an assumption of normality in treatment of most of the data is 
believed warranted. 

Studies of variability of the yields of individual trees indicated a 
very high coefficient of variation for 1921. Coefficients for the six 
remaining years averaged 25.4 per cent, a relatively low figure, espe- 
cially in consideration of the plan of planting. When the yields per tree 
of the individual plots were considered for the various years, the vari- 
ation was reduced materially, but not to the extent which would be 
anticipated on the basis of random sampling. This phenomenon was due 
to a positive correlation of considerable magnitude which was found to 
exist between yields of trees in the same plots. Emphasis is placed upon 
systematic variations due to soil influences. 

It was observed that the yields of all years except 1921 tended to 
have about the same degree of gross variation. Consideration of the 
mean annual yield per tree of plots in the various years, expressed in 
percentage of the mean annual yield of all trees, showed that there was 
a tendency for individual plots to yield about the same relative amount 
in ail years except 1921. This tendency was measured by the use of 
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interannual correlations of yields of individual trees and of plots. In 
this study, the yields of 1922 and of 1923 were not as highJy or as con- 
sistently correlated with yields of later years, as the yields of these later 
years were correlated with each other. The coefficients of variation of 
yields of 1922 and 1923 were also higher. 

It was apparenit that the use of yield data for the first year of pro- 
duction would not have led to results which would have been duplicated 
in succeeding years if the orchard had been under differential treatment 
at the time. The yields of 1921 were, therefore, not used in studies of 
various possible plans for the future experiment which are reported. 
The yields for the six-year period, 1922 to 1927 inclusive, are, however, 
rather consistent, and are used as an index of the productivity of each 
plot during the preliminary |)eriod. The variation of the six-year mean 
yield was found to be less than that of the yields of individual years, 
but not so low as that whicli would be expected on the assumption of 
random sampling. This effect is due to the positive interannual correla- 
tion existing between yields of the same plots in the different years. 

The calculations made upon data obtained during the preliminary 
period of observation, during which the orchard may be regarded as a 
uniformity, or blank, experiment, seem to justify the expectation that 
an experimental i>lan which would have been most reliable in the pre- 
liminary f)eri(>d would also be most efficient in the future. The records 
of mean yields for six years were, therefore, subjected to a study to de- 
termine the effect of various plans upon variability of test plots, and the 
magnitude of the differences between the mean yields of combination, or 
treatment, i)l()ts which would be necessary to insure signifiimnce. 

It was shown that the use of single i)lots for each treatment would 
be unsatisfactory, owing to the great differences which occur normally 
between them. Increase of the area devoted to each treatment by com- 
bining contiguous plots decreased natural variations between treat- 
ments, but this decrease was not rapid because of correlation between 
yields of adjacent ])lots due to systematic influences of soil fertility. 
The combination of systematically rei)licated plots for each treatment, 
however, reduced the variation of treatments approximate!}" according 
to the expectations of random sampling. The size of the combination 
plots necessary to insure a reasonable degree of significance under these 
conditions was found to be larger than desirable. 

Certain aspects are presented of the theory of the use of check plots 
in attempts to reduce systematic variations due to fluctuations in the 
fertility of the soil. Attemi)ts have been made to determine the effects 
of adjustment of test-plot yield by means of systematically replicated 
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check plots. Checks were located at various intervals, and several of 
the more common methods of calculating the theoretical check yields of 
the intervening test plots were used. The greatest reduction in variation 
of adjusted yields was found when check plots were located at frequent 
intervals and an interpolation, or ‘'grading,'' formula was used for the 
calculation of theoretical check yields of test plots. Differences between 
treatment means necessary for a moderate degree of significance were 
also calculated, and showed corresponding decreases. It is pointed out, 
however, that the use of cheek plots requires a large area of land which 
might be used for increased replications of the treatments. By assuming 
that a constant number of hypothetical treatments were to be trieil upon 
the area studied, the number of test plots devoted to each varying 
according to the num})er of checks employed, it was found that the most 
favorable gain in reliability obtained by adjustment to checks was 
slightly greater than that obtained by increased replication of test plots 
for each treatment which was made possible by the elimination of the 
cheek plots. 

It was observed tliat the use of differences l>etween yields of test 
plots, adjusted by means of check plots, and the yields of the check plots 
themselves reduced systematic variation in yield due to soil fluctuations. 
Rather accurate conclusions can be drawui by this method as to the sig- 
nificance of small differences in yield between any 1 treatment and the 
check i)lots. This advantage, however, vanishes when it is desirable to 
compare 2 treatments by means of the difference between their adjusted 
yields and the check yield. 

The use of methods of differences between test plots was found by 
means of Student formula to give about the same reliability, with 
many treatments and a small number of systematically distributed repli- 
cates for each treatment, as that obtained in direct comparisons between 
the means of the treatments. This indicates that little or no correlation 
exists between the “paired" plots of a replication series under such con- 
ditions, and that the last term in the formula for the variance of a 
difference, cri+ol — 2ri,2(Ti 0-2, is practically equal to zero. 

The adjustment of yields of test plots by means of other contiguous 
test plots is discuss^. It is believed that the value of the use of such 
methods can be obtained after the differential trials are in effect. 

The use of yields of test plots, obtained under conditions of uniform 
culture, for the adjustment of yields of the same plots after the different 
treatments have gone into effect is discussed. There are certain aspects 
of experimental work with trees which indicate that interannual corre- 
lations of yields with orchard material may be more consistently positive 
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than with annual plants. The calculations made upon the data of this 
orchard suggest that they may be important. It is believed that methods 
may be used to take advantage of whatever correlations may be found 
in the future between yields prior to and during the actual i)eriod of 
testing the various treatments. It is probable that pairing plot yields 
of individual treatments may be carried out in the future trial upon the 
basiaof their correlated yields during the preliminary period of testing. 

As a result of these studies a plan for the experimental orchard 
under consideration hiis been adapted to the practical ends desired. 
Pour plots are used for each treatment and are chosen on the basis of 
preliminary yield. Check plots designated as continuity plots, are pro- 
vided as a precautionary measure, and to obtain certain infonnation 
as to orchard experimental technique. The check i)lots are also arranged 
on the basis of preliminary yields in such a way that they are a fair 
sample of the area contiguous to them at the time of starting the differ- 
ential treatments, with the idea of judging the relative productivity of 
that area. Adjustment of yields of test plots by the use of the con- 
tinuity i)lots, under the conditions existing during the preliminary 
testing, gave an increase in reliability comparable to that given by the 
use of systematically replicated check plots at more frequent intervals. 

The 4 test plots allocated to each treatment were chosen on the basis 
of their mean annual yield per tree for the six-year period in such a way 
that the mean yields of the sets of 4 plots for this period were approxi- 
mately equal. Wherever feasible, 1 plot w^as chosen from each quartile 
group of the frequency distribution, forming 4 replication series. The 
importance of a good geographical scattering of the replicates and of 
certain features which are important from a cultural point of view was 
also recognized in selecting the replicates for each treatment. With the 
high correlation existing between yields of i)lots in the same yield group 
during the preliminary period, the use of Student method for the 
determination of the average variance of a difference between treat- 
ments indicated that relatively small differences would be significant 
with a considerable degree of reliability. The reliability of small differ^ 
ences in the future as determined by this method depends upon the 
correlation between yields of plots in the 4 yield groups. Should this 
correlation vanish entirely, a possibility which does not appear immi- 
nent, the more common methods of interpretation may be used, such as 
adjustment by means of check plots or contiguous test plots, or by 
comparisons between unadjusted yields. 

Some relations of the plan of the experiment, as developed on the 
basis of past yields, to the variability of measures of tree size are 
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presented. Yield wa.s .somewhat more variable than the volume of the 
top of the tree, or the area of the cross section of the trunk. Interannual 
correlations between the size measurements were high. These correla- 
tions emphasize the value of a knowledge of the size of trees before the 
beginning of an exj)eriment as an aid in the interpretation of the effects 
of the treatments. Since the size of these trees at any one period was 
correlated with their yield in the same crop year, a knowledge of the 
size at the beginning of an experiment might logically be used as a basis' 
of pairing trees or plots for comparison of yields by methods of differ- 
ences. The tree-size relations of the plots of the experimental orchard, 
as planned on the basis of yields, are presented. The data indicate that, 
on the whole, the mean size of the trees devoted to each treatment 
approaches the mean of the orchard. Occasional differences of consid- 
erable dimensions do exist, however. It is possible that future records 
may show that some recognition of these differences should be made and 
that some adju.stment may be desirable. 



Oct., 1932] Farlcer-BateJwlor : Variation in Yields of Fruit Trees 


155 


ACKNOWLEDGMENTS 

Tlie first author desires to express his gratitude to administrative 
officers of the University of California, for the opportunity afforded him 
of pursuing this study at the Citrus Experiment Station, and for the 
privilege of continuing the study at (h>rnell University daring^ the 
period of a transfer of residence and a leave of ahseiH'e which were 
granted him for this j)ui’])ose. The inajor j)ortion of this paper was 
presented by him in Fel)ruary, 1f)29, in tlie Graduate* School of Cornell 
University, as a thesis in partial fulfillment of the requirements of the 
de|y:ree of Doctor of Philosophy. At the latter institution the advice and 
criticisms of Professors II. II. Lov(‘, C. II. Myers, and A. J. Ileinicke 
were very helpful and are hijjrlily api)reciated. 

The authors also desire to thank all those with ^^^hom tliis problem 
has been discus.sed. The results of smdi dis(mssion have helped to clarify 
their views and 1o empliasize various methods of treatment of the mate- 
rial. Some of the su^^^n^stions made receive proper acknowledgment in 
the text. At the University of California the authors desire to thank 
Professors G. P. McEwen, 11. P>. Frost, J. G. Su]*r, C. M. Titus, and 
II. J. Webb(\r, particularly. At other institutions, contact with the 
aforementioned members of the staff of Cornell University, and also 
with K. D. Anthony (Pennsylvania State College), R. A. Fisher 
(Rothanisted Experiment Station, Enjjrland), II. K. Hayes (University 
of Minnesota), F. 1). Richey (United States Department of Agricul- 
ture), K. Sax (now at Harvard University), and L. J. Stadler (Univer- 
sity of Missouri) has been especially helpful. None of the above- 
mentioned men, howe^'(*r, should be held responsible for errors of matlie- 
matical reasoning or a])plication wliich may appear in the paper. 



156 


HUffardia 


[Vol.7,No.2 


LITERATURE CITED 

1 Anthony, K. I). 

1919. Methods of interpreting results in orchard fertilizer experiments. 
Proc. Amer. Hort. Soc. 1919:113-117. 

2 Anthony, R. I). 

, i 192(5, Planning and analyzing apple orchard experiments by the use of 
* ‘ Student ’s^ ’ method. Proc. Amer. Soc. Hort. Sci. 1926: 71-73. 

3 Anthony, R. I)., and J. II. Waring. 

1922. Methods of interj)reting yield records in apple fertilization experiments. 

Pennsylvania Agr. Exp, Sta. Bill. 173:1-42. 

4 Batchelor, L. T)., and H. S. Reed. 

V 1918. Relation of the varialiility of yields of fruit trees to the accuracy of 
field trials. Jour. Agr. Res. 12:245-283. 

6 Batchelor, L. D., E. R. Parker, and R. McBride. 

1928. Studies preliminary to the establishment of a series of fertilizer trials 
in a bearing citrus grove. California Agr. Exj). Sta. Bui. 451:1^9. 

6 Chandler, W. H. 

1921. Tlie trend of researidi in ])omo!ogy. Proc. Amer. Soc. Hort. Sci. 
1921:233-240, 

7 Chandler, W. H. 

1925. Fruitgrowing. 777 p. Houghton, Mifflin Co., New York City. 

8 CoLLisoN, R. C., and J. D. Harlan. 

1930. Variation and size relation in apple trees. New York [Geneva] 
Agr. Exp. Sta. Tech. Bui. 164:1-38. 

0 Conrad, J. P. 

1930. A comparative study of Student's method and Bessel's formula. Jour. 
Amer. Soc. Agr on. 22:949-9(33. 

10 Elderton, W. P. 

1927. Frequency curves and correlation. 2nd ed. 239 p. C. and E. Layton, 
London. 

11 Engledow, F. L., and G. U. Yule. 

1927. The principles and practice of yield trials. 79 p. Empire Cotton Grow- 
ing Corjioration, London. 

12 Fisher, R. A. 

1925. Statistical methods for research workers. 239 p. Oliver and Boyd, 
London. 

18 Gadd, C. H. 

1923. Experimental errors of field trials with Eevea. Dept. Agr. Ceylon Bui. 

66 : 1 - 22 . 

14 Grantham, J., and M. D. Knapp. 

1918. Field experiments with Hevea hrcmliensis, Archief voor de Rubber- 
culture 2:613-636. 



Oct., 1932] ParJcer-Batchelor : Variation in Yields of Fruit Trees 


157 


Harris, J. A. 

1915. The value of inter-annual correlations. Amer. Nat. 49:707-712. 

16 Harris, J. A. 

1915. On a criterion of substratum homogeneity (or heterogeneity) in field 
experiments. Amer. Nat. 49:430-454. 

17 Harris, J. A. 

1920. Practical universality of field heterogeneity as a factor influencing 
plot yields. Jour. Agr. Kes. 19:279-314. 

16 Harris, J. A., and C. 8. Scofield. 

1920. Permanence of difference.s in the plots of an ex|)erimentaJ field. Jour. 
Agr. Bes. 20:335-356. 
i« Harris, J. A., and C. 8. Scofield. 

1928. Further studies on the permanence of differences in plots of nn experi- 

mental field. Jour. Agr. Bes. 36:15-40. 

20 Hayes, H. K. 

1925. Control of soil heterogeneity and use of the probable error concept in 
plant breeding studies. Minnesota Agr. Exp. 8ta. Tech. Bill. 
30:1-21. 

21 Hedrick, U. P., and R. 1). Anthony. 

1919. Twenty years of fertilizers in an apple orchard. New York [Geneva] 
Agr. Exp. Sta. Bill. 460:71-96. 

22 Hoffman, M. B. 

1929. The of ]H*rforniance records in laying out a raspberry fertilizer 

experiment. Proc. Amer. 8oc. Hort. Sci. 1929:203-207. 

22 Holtsmark, G., and B. R. Larsfj^. 

1907. Uber die Fohler, welche bei Feldvcrsuchen, durch die Ungloichartigkeit 
des Bodens bodingt werden. Landw. Yersuchstationen 65:1-22. 

24 Hummel, A. 

1911. Massenaiibauvcrsnche. lllustr. Landw. Ztg. 31:821-824. 

2 -*5 Kemp, W. B. 

1924. The reliability of the difference between two averages. Jour. Amer. 
Soe. Agron. 16:359-362. 

26 Kiesselbach, T. a. 

1918. Studies concerning the elimination of experimental error in compara- 
tive field test^i. Nebraska Agr, Exp. Sta. Res. Bui. 13:1-91. 

27 Lehmann, A. 

1909. Ninth annual report of the agricultural chemist 1907-1908. Part II. 
51 p. Dept, of Agr., Mysore State, Bangalore. 

28 Livermore, J. B. 

1927. A critical study of some factors concerned in measuring the effect of 
selection in the potato. Jour. Amer. Soc. Agron. 19:857- 896. 

29 Love, H. H. 

1923. The importance of the probable error concept in the interpretation 

of experimental results. Jour. Amer. Soc. Agron. 15:217-224. 

39 Love, H. H. 

1924. A modification of Student’s tables for use in interpreting experimental 

results. Jour. Amer. Soc. Agron. 16:68-73. 



158 


EUgardia 


[Vol. 7, No. 2 


SI Love, H. H. 

3928. Plajining- the plot experiment. Jour. Amer. Soc. Agron. 20:426-432. 

32 Love, IT. II., and A. M. Brun-sok. 

3924. Student’s method for interpreting paired experiments. Jour. Amer. 
Soe. Agron. 16:60-68. 

S3 McOlei.land, 0. K. 

3926. New methods with check x)lots. Jour. Amer. Soc. Agron. 18:566-576. 
34 MoEwen^, G. F. 

3929. Methods of estimating the significance of diffei^ences in or probabilitias 

of fluctuations due to random sampling. Univ. California, Scripps 
Institution of OccJinography, Bub, Tech. Ser. 2:1-137. 

S3 MiTSOHERLieil, E. 

3912. Zur Methodik des Peldsdiingung und der Sorten-anban-Vorsuclie. 
Landw. .lahrb. 42:415 -421. 

3*> Munbok, W. M. 

3903. Experiments in orchard culture-. Maine Agr. Exp. Sta. Bub 89:1-24. 

3" Munson, W. M, 

1905. Experiments in orchard culture. Second report. Maine Agr. Exp. 
Sta. Bub 122:181-204. 

3^ I’EAKSON, K., Editor. 

1914. Tables for statisticians and biometricians, l.xxxiv + 143 p. Cambridge 
Uni vers i ty P ress. 

Pickering, M. A. 

1931. Experimental errors in horticnltural work. Jour Bd. Agr. [London] 
Sup. 7:38-42. 

40 Kichey, I\ I). 

1924. Adjusting yields to their regression on a moving average as a. means 

(if ('orrecting for soil heterog(*neity. Jour. Agr. Res. 27:79-90. 

41 Kichey, F. 1). 

1926. The moving average as a basis for incasnring correlated variation in 
agronomic experimonts. Jour. Agr. Ees. 32:1161-1175. 

42 Kichey, F. P. 

1930. Some applications of statistical methods to agronomic experiments. 
Jour. Arner. Statistical Assoc. 25:269-284. 

43. Rider, P. K. 

1930. A summary of the theory of small samples. Annals of Math. 31:577-628. 

44 Koemer, T. 

1925. Der Feldvcrsuch. Arbeit. Deut. Landw. Gesoll. 32:1-132. 

45 Sax, K. 

1923. The place of stocks in the propagation of clonal varieties of apples. 
Genetics 8:458-465. 

43 Sax, K. 

1923. The cause and permanence of size differences in apple trees. Maine 

Agr. Exp. Sta. Bui. 310:1-8. 

47 Sax, K. 

1924. The probable error in horticultural experiments, Proc. Amer. Soc. Hort. 

Seb 1924:252-256. 



Oct., 1932] Parlcer-Batchelor : Variation in Yields of Fruit Trees 


159 


48 Sax, K., and J. W. Gowkn. 

1923. Pormanence of tree performa,nco in a clonal variety, and a critique of 
the theory of bud mutation. Genetics 8:179-211. 

49 8HAMEL, A. I)., L. B. Scott, and C. S. Pomeroy. 

1918. Citrus fruit improvement: A study of bud variation in the Washington 
Navel orange. U. S. Dept. Agr. Bui. 623:1 “146. 

sc Shamel, a. I)., L. B. Scott, and C. S. Pomeroy. 

1918. Citrus fruit improv(unent : A study of bud variation in the Valencia 
orange. 11. S. Dept. Agr. Bui. 624:1-120. 

^*1 Sheppard, W. F. 

1903. New tables of the probability intc^gral. Biometrika 2:174-190. 
Shevvart, W. a. 

1926. Correction of data for errors of averages. Bell Telephone Lal)orat()ries, 
Beprint B-193:l-12. 

>Stadler, L. J. 

1921. Mx})erirnents in field j)lot teclruique for the preliminary determination 
of comj)arative yields in the small grains. Missouri Agr. Kxj). Sta. 
Kes, Bui. 48:1-78. 

•"'4 Stadler, L. j. 

1929. Experimental error in field plot tests. Iboc. Intern.ationaJ Congress of 
Plant Sciences, Ithaca, N. Y., Aug. 16-23, 1926. 1:107-127. Geo. 
Banta Publ. Co., Menasha, Wisconsin, 
r.r. Stevens, d. C., and IE N. V in all. 

1928. Experimental methods and the probable error in field exj)eriments with 
sorghum. Jour. Agr. Bes. 37:629-646. 

Sl'OCKUERGER, W. W. 

1916. Belative i)r(‘cision of formul.a,(‘ for calculating normal plot yields. 

Jour. Amer. Soc. Agron. 8:167-175. 

*'■'7 “ Student. ' ^ 

1908. The proba ble erj or of a mean. Biometrika 6:1-25. 

‘ ‘ Student, ' ^ 

1917. IVibles for estimating the probability that the mean of an unique 

sample of observations lit^s between — and any given distance of 
the mean of the po]>ulation from wTiich the sample is drawn. 
Biometrika 11:414-417. 

^^9 ‘ ‘ Student. ^ ' 

1923. On testing varieties of cereals. Biormdrika 15:271-293. 

“Student. 

1926. Mathematics and agronomy. Jour. Amer. Soc. Agron 18:703-719. 
Surface, F. M., and B. Pearl. 

1916. A method of correcting for soil heterogeneity in variety tests. Jour. 
Agr. lies. 6:1039-1050. 

Wagner, P. 

1880. Beitriige zur Begriindung und Ausbildung einer exacter Methode der 
Dungungsversuche. Jour. Landw. 28:9-57. 



160 MUgardia [Voi7,No*2 

03 Waring, J. H. 

1920. The probable value of trunk circumference as an adjunct to fruit yield 
in interjireting api)le orchard experiments. Proc. Amer. Soc. Hort 
Sci. 1920:179-185. 

64 Webber, II. J. 

1920. Selection of stocks in citrus propagation. California Agr. Exp. Sta. 
Bui. 317:269-301. 

06 Webber, H. J. 

1920. The iinj)rovement of rootstocks used in fruit propagation. Jour. 
Heredity 11:291-299. 

66 Webber, II. J. 

1922. Citrus rootstock problems. California Citrograph 7:391,408-411. 

67 Webber, H. J. 

1922. Relation of stock to scions with special reference to Citrus. Proc. Amer. 
Soc. Hort. Sci. 1922:129-138. 

6s Webber, H. J., and J. T. Barrett. 

1930. Root stock influence in citrus. Proc. Ninth Internatl. Hort. Congress, 
London, 1930:358-373. 

66 Wood, T. B. 

1911. The interpretation of experimental results. Jour. Bd. Agr. [ London] 
Sup. 17:15-32. 

70 Yule, G. U, 

1927. An introduction to the theory of statistics. 422 p. C. Griffin & Co., 
London. 



Oct., 1932] Parlcer -Batchelor : Variation in Yields of Fruit Trees 


APPENDIX 

Table of Odds^ 


BifForence from 

Difference between 

Odds against such a 

mean in 

two results in 

difference occurring 

terms of probable 

terms of probable 

under uniform 

error 

error I 

conditions 


With difTerenee in either direction 


1.00 

1.41 

1 to 1 

1.25 

1.76 

3 to 2 

1.44 

2.03 

2 to 1 

1.71 

2.41 

3 to 1 

1.90 

2.68 

4 to 1 

2.00 

2.83 

9 to 2 

2.05 

2.87 

5 to 1 

2.50 

3.53 

1 0 to 1 

2,93 

4.13 

20 to I 

3.00 

: 4.24 

22 to 1 

3.20 

4.51 

30 to 1 

4.00 

5.66 

140 to 1 

4.90 

6.93 

1,000 to 1 

5.00 

7.07 

1,350 to 1 


With difference in one direction only 


1.00 

1.41 

3 to 1 

1.25 

1.76 

4 to 1 

1.44 

2.03 

5 to 1 

1.58 

2.23 

6 to 1 

1.71 i 

2.41 

7 to 1 

1.81 

2.55 

8 to 1 

1.90 

2.0)8 

9 to 1 

2.00 

2.83 

1 0 to 1 

2.48 

3.50 

20 to 1 

2.70 

3.81 

30 to 1 

2.89 

4.07 

40 to 1 

3.00 

4.24 

44 to 1 

3.03 

4.28 

50 to 1 

3.44 

4.85 

100 to 1 

4.00 

5.66 

290 to 1 

5.00 

7.07 

2,700 to 1 


* From Wood, T. B. The interpretation of experimental results. 
Jour. Bd. Agr. [London] Sup. 17:15-32. 1911. 
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INTRODUCTION 


A number of ])lant patlioJo^ists have called attention to a disease of 
carrots having most of the eharaeteristie symptoms of yelloAvs, but 
M'hcdher it was caused by the aster-yellows virus remained to be deter- 
mined. 

In New York, Whetz(^U^^ rejjorted a yellows disease of carrots ranging 
from a trace to 25 per cent infection in the Williamson area. Folsom 
found apparently the same carrot disease as described by Wlietzel, at 
Orono, Maine, and on the experimental farm in the southwestern part 
of the state. Zundck’^’ reported observations of ytdlows believed to be 
caused by the aster-yellovA\s virus in carrots in Cumberland County, 
Pennsylvania. Vaughan and F'oster*'’ found a disease of carrots in 
Wisconsin resem filing aster yellows and assumed that it may be due to 
the same virus. The diseased carrots Avere growing adjacent to an ex- 
perimental aster-yellows jilot. NeAvliall*''^' reported a disease of carrots 
thought to be due to the aster-yellows virus in Wayne and Oswego 
counties, Ncav York. 

Severin^''^^ published a summary of the transmission of yellows from 
naturally and exiierimentally infected carrots and parsley to asters and 

1 Received for publication May 25, 1932. 

2 Associate Entomologist in the Experiment Station. 
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celery, and from the infected asters and celery back to carrots and 
parsley. Kunkel/^- however, questions whether carrot yellows of Cali- 
fornia is identical with aster yellows of the East, since carrot yellows is 
readily transmitted to celery (Apium graveolens var. dulce) and to 
Zinnia elegam, plants that are highly resistant if not immune to aster 
yellows. 

During the spring and late summer of 1929 a survey was made of 
the yellows disease of plants grown on the ranch of the Morse Seed Com- 
pany located in the Salinas Valley, California. It was observed during 
early June that the inner leaves of many varieties of carrots were 
yellow, but the plants were small and the symptoms were just beginning 
to develop. During the late summer the wdiite varieties of carrots and 
parsley showed some of the characteristic symptoms of yellows but, 
unfortunately, the orange varieties of carrots had been pulled. 

During the summer of 1931 another trip was taken to the rancli of 
the Morse Seed Company and both white and orange varieties of 
carrots show^ed typical symi)toms of yellows. Parsnips also showed 
symptoms of yellow's. Carrot yellow^s w^as also found in the truck-crop 
gardens between Davis and Sacramento. 

An investigation was undertaken to determine whether the disease of 
carrots, parsley, and parsnips w^as caused by the virus of aster and celery 
yellows. Successive inoculations were attemi.)ted from asters and celery 
naturally and experimentally infected wdth yellow's to healthy carrots, 
parsley, and parsnips by means of Cicadnla divisa Uhl. The transfer of 
yellow^s from experimentally infected carrots, parsley, and parsnips 
back to healthy asters and celery was attempted with previously non- 
infective ]eafhoy)pers. Cross inoculations w^ere tested from infected 
carrots to healthy ones, from parsley to parsley, carrots to parsley, and 
parsley to carrots. The longevity of the leaf hopper and the life cycle 
on carrots, parsley, and parsnips was also determined. 

In this investigation, the virus of carrot yellow^s has been compared 
only with that of the aster yellows present in this state ; the question of 
w^hether the carrot-yellow^s virus is identical w^ith the aster yellows of 
the eastern and middle W'estern states is under investigation at present. 

CAKROT YELLOWS 

Symptoms. — Carrot (Daucus carota var. sativa) phnits naturally in- 
fected with yellows showed a marked yellowdng of the younger central 
leaves, while the older outer leaves were usually reddened or purple. 
The discoloration of the older outer leaves often failed to develop in 
carrots experimentally infected with the disease in the greenhouse. The 
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younger central leaves were dwarfed and the petioles sometimes twisted 
(figs. 1, 2) ; occasionally a dense growth of adventitious chlorotic shoots 
developed at the center of the crowui (figs. 3, 4). The leaflets on the 



Fig. 1. Wlvite Belgian carrot naturally iufe(*t(Hl witli yellows, sliownig 
dwarfed central leaves with sonic of the petioles twisted. 

siiortened petioles were sometimes rtHluced to short filaments, which 
often became dry. (hirrot plants experimentally infected with yellows 
sometimes developed a short central seed stalk or several seed stalks. 
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and a constriction sometimes occurred below the crown of the carrot. 
Carrots in an advanced stage of the disease showed numerous bunched 
rootlets arising from elevations on the carrot root (figs. 1, 3). 



Fig 2. Short Whito carrot naturally infected with \(‘llows, 
showing tw sted petioles in a top view. 


Incubation Period — The incubation period of the disease was deter- 
mined in 3 white, 1 yellow, and 7 orange varieties of carrots. The 
length of time that elapses from the inoculation of the plant by infec- 
tive leafhoppers until the youngest leaves became chlorotic or the 
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petioles began to twist was considered as the incubation period of the 
disease. Carrots used as a check or control remained healthy. 

In two experiments small and large carrots were experimentally in- 
fected Avith yellows by the leafhoppers reared on naturally infected 
celery. The minimum, maximum, mean, and average incubation periods 
in varieties of carrots are given in table 1. 



Fig. 3. AVliite Belgian carrot naturally infected with yellows, showing 
den.se growth of adventitious shoots at the center of the crown. 

A comparison of the averages in table 1 shows that the incubation 
period is shorter in small (young) carrots than in large ones. In all 
probability large carrots are more resistant to the disease. Similar re- 
sults were obtained with curly top of sugar beets^^^ — the smaller the 
beet the shorter the incubation period of the disease. 

The incubation period of the disease in carrots infected by previously 
nonin feet ive leafhoppers which had fed on naturally infected asters is 
shown in table 2. The minimum incubation period varied from 15 to 29 
days with an average of 22.7 days. The maximum incubation period 
ranged from 34 to 76 days with an average of 46.5 days. The average 
percentage of infection of the white varieties of carrots was 65.2, of 
the yelloAV 18.7, and of the orange 51.1. The Yellow Belgian carrot was 
most resistant to the disease. 


168 


Hilffardia 


[Vo]. 7, Mo. 3 


TABLE 1 


Incubation Period of Yellows Disease in Carrots Infected by Cicadui.a 
Divisa Bred on Nattirally Infected Celery 


Variety 

! Plants 
inoeu- 
lated 

Leaf- 
hoppars 
on each 

Plants 

infected 

Plants 

healthy 

Inctiba'ion period 
in Ilian t, day.s 



plant 



Range j Mean 


Small (youngl carrots 


White varieties: 

Short White 

5 

25 

2 

1 

3 

111-20 

j 19.5 

White Mastodon 

4 

25 

1 

3 

103 

1 * 

White Belgian 

2 

25 

2 

0 

18-22 

1 i 

20 0 

1 

Yellow varieties: 

Yellow Belgian 1 

2 1 

25 

0 

2 

I 1 

1 I 

j 

j 

Orange xiarieties: 





i 


Chantenay 

2 

25 

2 

0 

20-21 1 

i 20 5 

Danvers Half Long 

4 

25 

4 1 

0 

2141 j 

31.0 

Early Scarlet Horn 

2 

25 

2 1 

0 

21-31 

2G.0 

French Forcing 

4 

25 

2 I 

2 

19 22 j 

20.5 

J^ong Orange 

2 

25 

1 

1 

25 i 

” 

Nantes 

2 

25 

0 

2 



Oxheart or Gvierande 

2 

25 

1 

1 

1 

48 

, * 

Total . i 

Average i 

1 

31 

25 

17 

14 j 

1 

1 


22 9 


Larae carrots 


While varieties: 






Short White 

2 

25 

1 

1 

21 

White Mastodon 

2 

25 

0 

2 


White Belgian 

2 

25 

1 

I 

23 

Yellow varieties: 






Yellow Belgian 

6 

25 

1 

5 

21 i 

Orange varieties: 





i 

Chantonav 

ti 

25 

2 

• 4 

26 35 30 5 

Danvers Half Long 

2 

1 25 

0 

2 



Early Scarlet Horn 

f 

25 

3 

I ^ 

28-50 i 42 0 

Frencti Forcing 


25 

0 

2 

1 

Ix)ng Orange 

2 

25 

1 

1 

47 1 

Nantes 

3 

25 

0 

3 

i . 

Oxheart or Guerande 

6 i 

25 

2 

4 

26-88 I 57,0 

Total 

39 


11 

28 


Average 


25 



1 43.2 

1 


* No mean given becavise only one plant became infected. 
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Recovery of Virus. — The transmission of yellows by previously non- 
infective leafhoppers from orange varieties of carrots naturally in- 
fected with the disease to healthy asters and celery is shown in table 3. 
Fi\e lots of 20 noninfective leafhoppers each were exposed for a period 
of 2 days on 5 carrot-yellows plants, one lot to a plant, and then 10 



Pig. 4. Short Wliito carrot naturally infected with yellows, showing 
central adventitious shootvS with outer leaves removed. 

insects of each lot were? exposed for 20 days to a healthy aster, and 10 
insects of each lot to a liealthy celery plant. Each lot was then trans- 
ferred to another healthy aster or another healthy celery plant and kept 
on these ])lants for a period of 7 days. A third set of celery plants were 
exposed for a period of 7 days to the leafhoppers which had previously 
be^en fed on the second set of celery plants, except one lot of insects, 
which had died. 
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TABLE 2 

Incubation Period of Yei^ows Disease in Carrots Infected by Previously 
Noninfecttve Cicadula Divisa Fed on Naturally Infected Asters 



Plants 

Leaf- 

hoppers 

Plants 

Plants 

Incubation period 

in plant 

Variety 

inocu- 

lated 

on each 
plant 

infected 

healthy 

Minimum 

Maximum 

Mean 

White varieties: 

Short White 

7 

25 

5 

2 

days 

21 

days 

45 

days 

32.4 

White Mastodon 

8 

25 

4 

4 

25 

42 

36.7 

White Belgian 

8 

25 

6 

2 

23 

76 

43 2 

Yellow varieties: 








Yellow Belgian 

16 

25 

3 

13 

26 

40 

34.7 

Orange varieties: 








Chantenay 

4 

25 

3 

1 

29 

36 

29 3 

Danvers Half Long 

7 

25 

3 

4 

23 

37 

29.7 

Early Scarlet Horn 

6 

25 

4 

1 

22 

49 

35.5 

French Forcing 

7 

25 

4 

3 

25 

40 

33 3 

Long Orange 

9 

25 

3 

6 

20 

34 

26.7 

Nantes 

8 

25 

2 

6 

15 

72 

43.5 

Oxheart or Guerande 

5 

25 

4 

1 

21 

41 

30. 7 

Total 

84 


41 

43 




Average 


25 



22 7 

46 5 

34 2 


TABLE 3 

Transmission of Yellows by Previously Noninfecttve Cicadula Divisa from 
Carrots NATURAiiLY Infected with the Disease to 
Healthy Asters and Celfjs-y* 


Carrot plant No. 

Results with asters 

Results with celery 

First set 

Second set 

First set 

Second set 

Third set 

I 

+ 

+ 

+ 

+ 

+ 

2 

- 

- 

+ 


. t 

3 


_ 

_ 

_ 

_ 

4 

+ 


+ 

-f 

-f 

6 

+ 

- 

4- 

+ 

t 4- 

Total positive (4-) 

4 

2 

. .. ... _ I 

4 

4 

1 3 

Total negative ( — ) 

1 

3 

1 

1 

' 1 


* The plus sign (-f) indicates the production of the disease, and the minus sign ( — ) 
shows that no disease resulted, 
t Insects died. 


It is evident from table 3 that 10 leafhoppers which fed on carrot 
plant No. 2, failed to transmit yellows to either of the asters, while 10 
insects which fed on the same diseased carrot transmitted yellows to 2 
successive celery plants. The third plant was not tried with this lot of 
leafhoppers because the insects died. In the case of carrot plant No. 3, 
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yellows was transmitted to the first aster but not to the second. An- 
other group of 10 leafhoppers which fed on the same diseased carrot 
failed to transmit yellows to 3 successive celery plants. 

In similar tests, previously noninfective leafhoppers, after feeding 
on Short White and White Belgian carrot plants naturally infected 
with yellows, transmitted the disease to asters, Erfurt Giant celeriac 
(Apium graveolens var. rapaceum), and tlie following varieties of 
celery : Golden Self-Blanching, Large Smooth Prague, and Rosy Plume 
(Apium graveolens var. dulce). 

Successive inoculations were made from each variety of carrot experi- 
mentally infected with the disease to celery or asters or both and back 
to carrots. Previously noninfective leafhoppers after feeding on carrot 
plants infected with yellows often transmitted tlie disease to celery and 
asters but numerous trials were required to transfer the disease from 
infected celery or asters back to carrots. Repeated lots of leafhoppers 
were often used in the transfer of yellows from infected celery or asters 
back to carrots. Better results were obtained in the transmission of the 
disease when small carrot plants were UvSed. The disease was not trans- 
mitted from inoculated carrots which failed to show symptoms of the 
disease. 

The transmission of the disease from carrots experimentally infected 
with yellows to tlie same variety of carrot also required numerous trials. 
The leafho])pers on healthy carrots often died before the incubation 
period of the virus was completed in the insects. It was found, however, 
that the males lived longer on diseased than on liealthy carrots, and 
hence the insects were keyit on diseased carrots for a period of 2 to 3 
weeks so that the incubation period was completed before transferring 
them to healthy carrots. Females lived longer tlian males on carrots, 
and hence females were allowed to deposit their eggs in the petioles of 
diseased carrots, and after the nymphs hatched and fed for a period 
of about three weeks they were transferred to healthy carrots. 

Inoculations of Healthy Celery hy Means of Leafhoppers Fed on 
Filtered Juice from Carrots Infected with Yellows . — All attempts to 
transmit yellows by feeding noninfective Cicadula divisa on the filtrate 
prepared from carrots infected with yellows and then transferring the 
insects to healthy celery were failures. The juice was extracted from a 
total of 15 Short White and White Belgian carrots naturally infected 
with yellows and filtered through coarse and fine Berkefeld candles. 
The leafhoppers after feeding on the filtrate for a period of 3 hours 
were transferred to 56 healthy celery plants but without efi'ect. The fil- 
trate was a favorable food for the leafhoppers. 
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Longevity and Life Cycle of Cicadula Divisa on Carrots. — The lon- 
gevity of the last living male on each variety of carrot during the spring, 
summer, and autumn is shown in table 4. Most of the males died a few 
days after l)eing exposed to healthy varieties of carrots. The mortality 
was higher on small carrots than on large ones. After the plants devel- 
oped sym])toms of yellows the insects lived longer. It is possible that 
the virus produces changes in the sap of the carrot which are of some 
biological significance to the insect, as was suggested in a previous 
paper.^"’ The leafhopper completed its life cycle on all varieties of 
carrots infected with yellows except Yellow Belgian. A low population 
acquired the adult stage on most varieties of carrots. 

TABLE 4 

Loxoevjty of Last Living Male Oicadlila Divisa on Varieties of Carrots 


Vurioty 

Tjongevity of males 

Minimum 

Maximum 

A verage 

varieties: 

days 

days 

days 

Short White 

5 

14 

9 0 

White Mastodon 

2 

30 

10 5 

White Belgian 

4 

11) 

7 7 

Yellow varieties: 




Yellow Holgiiin . 

3 

26 

9 5 

Orange varieties: 




Chantenav 

2 

25 

7 7 

Danvers Half Long 

2 

10 

5 2 

Karly Senrlef Horn 

4 

28 

15 4 

French F'orcing 

8 

26 

14 2 

Long Orange 

7 

30 

12.5 

Nantes 

4 

31 

13.0 

Oxheart or Ouerande 

2 j 

31 

1 

9.6 


YELLOWS OF IIAMBITRO OK TURNIP-KOOTED PARSLEY 

Hamburg or Turnip-rooted parsley {Petroselinum hortense var. radL 
cosum) naturally or experimentally infected with yellows showed a 
dense growth of chlorotic leaves at the center of the crown (fig. 5). 
These leaves were dwarfed with upright petioles frequently twisted 
(fig. 6). The symptoms in exiierimen tally infected varieties of parsley 
were similar to those observed in the field. 

Twelve Hamburg or Turnip-rooted parsley plants were inoculated 
with from 5 to 25 infective Cicadula divisa and six plants developed 
typical symptoms of yellows. Table 5 shows that the incubation period 
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of the disease in Hamburg parsley varied from 36 to 106 days, with an 
average of 65.2 days. The longer incubation periods were obtained with 
Hamburg parsley infected during the winter. 



Pij?. 0 . or Turnip rootod pnrslov nuturally infc'cted with yollows, 

showiiij^ ;i. douse growtli of dwarfed loaves at the oentor of the orown. 

TABLE 5 

IXCI HATION PeKTOI) Of" YeLLOWS DISEASE IN HAMBURG OR TuRNIP KoOTET) 
Parsley Infected by Cidadula Divisa 


Plunts 

inoculated 

T .eaf- 
hoi)porfl 
on 

eacli plant 

Plants 

infected 

Plants 

healthy 

Incubation 

period 

in 

l)lant 

1 

15 

1 

0 

days 

30 

1 

10 


0 

42 

1 

10 

1 

0 

451 

1 

10 

1 

0 

50 

1 

5 

1 

0 

102 

1 

15 

1 ^ 

0 

IOC 

6 

25 

0 

t) 


Total: 12 
Average 


6 

--- 



C5 2 


Successive inoculations were made from Hamburg parsley naturally 
and ex])erimen tally infected with yellows to celery or asters and from 
these plants back to the same variety of parsley. The disease was also 
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transmitted from infected Hamburg parsley to the same variety of 
parsley, to Short White, and White Belgian carrots, and from the white 
varieties of carrots back to Hamburg parsley. 

The leafhopper completed its life cycle on Hamburg or Turnip- 
rooted i>ar8ley and a large population of adults was obtained. 



Fig. 6. Le.'ives showing curved petioles from Hamburg or Turnip rooted 
parsley naturally infected with yellows. 

YELLOWS OF SINGLE OR PI.AIN PARSLEY 

The symptoms of the disease in Single or Plain parsley {Petro.^elinum 
hortense) experimentally infected with yellows were somewhat similar 
to those of Hamburg or Turnip-rooted parsley. The youngest leaves 
were yellow and the ux)right x^etioles were often twisted. Secondary 
chlorotic shoots sometimes develoy)ed. 

Thirteen plants were inoculated by from 10 to 25 infected leaf hop- 
pers and seven plants develoj)ed typical symptoms of yellows. The 
incubation period of the disease varied from 86 to 58 days with an 
average of 48.7 days as shown in table 6. 
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The virus was recovered by previously noniiifective leafhoppers from 
experimentally infected Singfle or Plain parsley, and yellows was trans- 
mitted to healthy celery and asters and from these plants back to the 
same variety of parsley. 

A low population of adult leafhoppers was bred on this variety of 
parsley after s3mipt()ms of yellows developed. 


TABLE C 

Incubation Period of Yello^vs Disease in Single or Plain Parsley 
Infected by Cicadula Divisa 


Plants 

iiKicuIat.ed 

I.eaf- 

ljoi)j)ore 

on 

each plant 

Plants 

infected 

Plants 

healthy 

Tncnbation 

period 

in 

plant 

1 

25 

1 

0 

days 

3() 

1 

25 

1 

0 

38 


10 

1 

0 

40 

1 

15 

1 

0 

56 

1 

25 

1 

i 0 

56 

1 

25 

1 

0 

57 

1 

20 

1 

0 

58 

6 

10-25 

0 

; 6 


Total: 13 

A voraKe 



6 

48 7 


YELLOWS OF I)OLP>LE (MlRLED, EXTRA TRIPLE CURLED, 
AND FERN LEAF OR MOSS CITRLED PARSLEY 

Tliese three varieties of parsley" (PetroselinKrn horfeme var. crispnm) 
experimentally infected with A^ellows showed dwarfed, chlorotic, inner- 
most leaves sometimes witli twisted or curled petioles. 

Tlie incubation period of the disease in the three varieties of parsley 
is ^iven in table 7. Twelve Double Curled parsley plants were inocu- 
lated but only one plant developed sjunptoms of yellows. The incuba- 
tion period of the disease was ‘17 days. The incubation period of the 
disease in Triple Curled parslcA^ varied from 32 to 39 days with an aver- 
age of 37 days, in Pern Leaf or Moss Curled parsle.y from 39 to 50 days, 
with an average of 44.6 da, vs. 

Cross-inoculations from tlie three varieties of parsley showing s\"mp- 
toms of yellows to celery and asters w^ere failures. 

The longevity of the last Imng male and female leafliopper on the 
three varieties of parsley is shown in table 8. The average adult life of 
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the females was longer than the males. The life cycle was not completed 
on the three varieties of parsley. 

Nymphs which hatched from eggs deposited in the three varieties of 
parsley failed to complete their life cycle in the greenhouse. 


TABLE 7 

Jnci'bation Period of Yellows Disease in' Varieties of Parsley Infected 

BY CiCADULA DiVISA 


\’ariety 

PlantB 

inoculated 

Leaf- 

hoppers 

on 

each plant 

PlantB 

infected 

Plants 

healthy 

InouLatitui 

period 

in 

l)laiit 

Oovihle Curled 

11 

10 

10 -GO 

1 

0 


rfa//.s 

37 

Total 

12 


1 

11 


’^'xtra ITipIe CupUkI 

1 

25 

1 

« 

32 


1 

25 

1 

0 

30 


1 

10 

1 

0 

39 


1 

25 

1 

0 

39 


I 

11 

25 

10 30 

1 

0 

0 

11 

39 

Total 

Average 

IG 


5 

11 

37 0 

Fern Leaf or Moss Curled 

1 

25 

1 

0 

39 


1 

25 

1 

i 0 

43 


1 

25 i 

1 

0 

43 


1 

25 

1 

0 

! 43 


1 

25 

1 1 

0 

47 


1 

25 

1 1 

0 

47 


I 

25 

1 

0 

50 


14 

25 45 

0 

14 


Total 

Average 

21 

j 

7 

14 

j 

44 6 


TABLE 8 

Longevity in Days of I^ast Living Male and Female Cicadula Divisa on Three 

Varieties op Parsley 


Variety 

Longevity of inale-B, in days 

Longevity of females, in days 

Minimum 

Maximum 

Average 

Minimum 

Maximum 

Average 

Double Curled 

2 

29 

11.1 

14 

20 

16.3 

Extra Triple Curled 

3 

29 

10.0 

9 

26 i 

17.3 

Kern Leaf or Moss C urled 

2 

33 

9.1 

11 

34 

19 0 
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YELLOWS OF HOLLOW CROWN PARSNIP 

Hollow Crown jiarsnip (Pastinaca sativa) naturally infected with 
yellows showed dwarfed, chlorotic, innermost leaves with twisted ])et- 
ioles (fig. 7). Plants grown from seeds experimentally infected with 
yellows showed similar sym])toms in the greenhouse. Tlie check or con- 
trol })lants remained healthy. 



Fig. 7. Iloilow Crown parsnip naturally infected with yellows, 
showing dwarfed leaves and twdsted petioles. 

The average incubation period of the disease in experimentally in- 
fected ])lants was 40 days. 

The virus was recovered by^ previously noninfective leaf hoopers from 
naturally and experimentally infected x^^fsnip. Yellows was trans- 
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mitted to healthy celery and asters and from these plants back to healthx^ 
parsnips. 

Hollow Crown parsnip was a favorable food plant of the leafhopper 
and the life cycle was completed on this variety of parsnip. 

SUMMARY 

Experiments demonstrated that previously noninfective Cicadula 
divisa after feeding on Short White, White Belgian, and orange varie- 
ties of carrots, Hamburg or Turnip-rooted parsley, and Hollow Crown 
parsnip naturally infected with yellows, became infective and trans- 
mitted typical yellows to healthy asters and celery. Previously non- 
infective leafhoppers, after feeding on the experimentally infected as- 
ters and celery transmitted the disease back to the same varieties of 
carrots, parsley, and i)arsnip. 

Eleven varieties of carrots, five varieties of parsley, and one variety 
of parsnip were experimentally infected with yellows by infective leaf- 
hoppers. After symptoms of yellows developed, previously noninfect- 
ive leafhoppers feeding on all of the experimentally infected varieties 
of carrots, Hamliurg or Turnip-rooted and Single or Plain parsleys, 
and Hollow Crown ])arsnip transmitted the disease to healthy asters 
and celery. The disease was transmitted from infected asters and cel- 
ery back to healthy carrots, Hamburg or Turnip-rooted, and Single or 
Plain parsleys, and Hollow Crown parsnip. The virus was not recovered 
from Double Curled, Extra Triple Curled, and Fern Leaf or Moss 
Curled parsleys. Yellows disease was also transmitted from infected 
carrots to healthy ones, and similarly from parsley to parsley, carrot 
to parsley, and parsley to carrot. 

These experiments prove that the virus of carrot, parsley, and pars- 
nip yellows can be transmitted to asters and celery. The virus used in 
the transmission experiments was obtained from carrots, parsley, and 
parsnips infected with yellows in the field and from asters and celery 
infected with yellows under natural conditions. The experiments dem- 
onstrate that the virus of carrots, parsley, and parsnip yellows is iden- 
tical with California aster and celery yellows. 

The average incubation period of the disease in small carrots was 22.9 
days and in large carrots 43.2 days. In all probability large carrots are 
more resistant to the disease. The minimum incubation period of the 
disease in carrots varied from 15 to 29 days, and the maximum incuba- 
tion period ranged from 20 to 103 days. The incubation period of the 
disease in Hamburg or Turnip-rooted parsley varied from 36 to 106 
days, with an average of 65.2 days. The longer incubation periods were 
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obtained during the winter. The incubation period of the disease in 
Single or Plain parsley ranged from 36 to 58 days with an average of 
48.7 days. The incubation period in Double Curled parsley was 37 days, 
the average in Extra Triple Curled was 37 days, and in Fern Leaf or 
Moss Curled, 44.6 days. The average incubation period of the disease 
in Hollow Crown parsnip was 40 days. 

The leaf hopper completed its life cycle on all varieties of carrots 
except Yellow Belgian. A low population of leafhoppers was obtained 
on most varieties of carrots. The life cycle was also completed on Ham- 
burg or Turnip Rooted, Single or Plain parsleys, and Hollow Crown 
parsnip. The insect failed to complete its life cycle on Double Curled, 
Triple Curled, and Pern Leaf or Moss Curled parsleys. 
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INJURIOUS EFFECTS OF MANCiANESE AND 
IRON DEFICIENCIES ON THE (}R0WT1I 
OF CITTMTS^ ^ 

A. K. C. HAAS^ 


INTRODUCTION 

The pri'seiiee ol' a sinall aniouiit of nuinizanese is ktiowo to be essen- 
tial for ehloro})hyll forination in e(‘rtain ])!ants, while llie })resenee of 
an excess is destnn'tive to (*hlorof)]iyl]. It is believed find luntluT iron 
nor manganese is a constituent of chloro|)Jiyl]. Iron is the only element 
commonlA' spok(‘n of as being a catalyzer of chloro]>liyll formation. 
The importance* of manganese in chloro])hylI catalysis is becoming 
increasingly more* evidevnt, which is believed to be indirectly due to its 
action njmn the iron of the c(*lls. Interest in thes(* elemetds is increased 
because very little is known regarding their effects on the growth of 
citrus, and es])ecially of their possil)le bearing on tlu; mottle-leaf 
problem. 

With citrus in sand or solution cultures no manganese-deficiency 
symptoms could be obtained when so-callcal “chemically pure” iron 
was used except in cases where a minimum of iron was used with cul- 
tures of rapidly growing 2 to 2-year-old trc*es. Chemical analysis 
showed that c^very source of iron available for culture solutions was 
contaminated Avith manganese to a greater or lesser extcnit, and that 
until manganese-free iron was prepared it was impossibhi to differen- 
tiate betw^een the effects of deficiencies of iron and manganese. In 
solution cultures Avith seedlings, in short-term experiments Avith orange 

3 Received for publication Ajiril 21, 3932. 

2 I^fKper No. 271, University of California Graduate School of Tropical Agricul- 
ture and Citrus Experiment Station, Kivervside, California. 

3 Associate Plant Physiologist in the Experiment SUition. 
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or lemon cutting’KS, or in longer-term experiments in which larger plants 
are obtained in solution cnltiires where generous amounts of iron 
citrate or tartrate are used, no manganese-deficiency symptoms were 
evident })ecause of the manganese contaminations in the iron supply. 

The writer has always added manganese to culture solutions used 
for citrus, more as a matter of good practice than for any other reason. 
With manganese as an unknown contamination in the iron supply it 
made no difTerenee wliether manganese was added or was omitted; 
hence the belief that its presence was of no consequence. 

An investigation was therefore undertaken to determine whether 
manganese and iron were necessary for healthy growth in citrus, and 
if so, the symptoms of their deficiencies in artificial solution cultures, 
their relation to one another, and their possible bearing on the mottle- 
leaf j)roblem. 


IIEVIEW OP LITERATURE 

In a study of tlie effect of manganese, copper, and zinc, Mc- 
Ilargue,^^^* McIIargue and Sliedd,^’-’^ and Mcllargue and Calfee^*'^^ 
have r(»cently re]K)rted con(*entrations of these ehmients as stimulating 
greater growth of (‘ertain plants. 

Manganese deficiency in ])ure (piartz sand cultures of annual plants 
soon resulted (Miller''-’) in a chlorotic condition, but healthy growth 
was quickly rc'sumed upon adding manganese sulfate. Samuel and 
Piper^"'*’ concluded that gray speck disease of oats is due to a deficiency 
of manganese and made the suggestion that possibly pecan rosette, 
mottle-leaf of citrus, and walnut yellows are manganese-deficiency 
diseases. 

Bishop'^ ^ reported that when the manganese supply was exhausted, 
the plants he used eitlier died or remained dwarfed. A manganese defi- 
ciency caused 3'ellow spots on the new leaves, and the leaves were unable 
to synthesize chlorophyll, (flilorosis or yellow spots also occurred when 
an excess of manganese was used. Low as well as high manganese caused 
a loss of chlorophyll, lie was unable to confirm the results of John- 
son, who found that manganese depressed the iron assimilation. 
Bishop confirmed the results obtained by Kelley, who found that 
manganese increases the calcium in plants, wdiich sufiposedly counter- 
acts the toxicity of the high manganese concentrations. The chlorosis 
of pineapple leaves on plants grown on manganese soils is considered 
by McGeorge' to be due to a greater assimilation of lime, indirectly 
caused by the presence of manganese in excessive amounts in the soil. 
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McLean/^*’^ McLean and Gilbert/^^^ and Gilbert and McLean^®^ 
report the curing of lime-induced chlorosis of spinach and other plants 
by feeding the plants manganese through the stomata. External appli- 
cations of copper and manganese on certain chlorotic plants of the 
Florida Everglades have been found by Bryan^^^ to have a stimulating 
effect upon growth. The application of manganese to the soil has cor- 
rected chlorosis of soy beans in various soil types on the lower Coastal 
Plain of North Carolina (Willis and Mann^*'^^). Lee and Mc- 
llargue^^'^^ found that Pahala-blighted leaves of sugar cane had a 
greatly reduced manganese content but no decrease of iron. An increase 
in soil acidity, the addition of manganese to the soil, or the application 
of manganese to the leaves soon resulted in recovery of the blighted 
leaves. 

Manganese is essential, but will not replace iron in the growth of 
ChloreUa sp., according to Hopkins. The function of manganese is 
suggested as being that of a controlling agent in maintaining a suitable 
ratio of ferrous to ferric iron in the culture or in the cell. He found 
that in vitro, manganese tends to prevent the reduction of ferric to 
ferrous iron by sodium citrate. Cultures of yeasts indicated that the 
reduction of the iron by the yeast organism tends to be prevented by 
the presence of manganese. Sufficient manganese is considered essential 
in order to insure the reoxidation of the iron after its reduction by the 
organism. Excessive manganese either results in too high a concentra- 
tion of ferric ions or prevents the reduction to the ferrous state by the 
organism. Ingalls and Shive^^" liave re])orted the distribution of iron 
in plants as being related to the ll-ion concentration of the tissue fluids. 

In their studies on the growth of Lemna it was found by Clark and 
Fly that manganese was not essential in the nutrition of Lemna major. 
Since the appearance of their paper, Hopkins has shown that manga- 
nese is an essential element for healtliy growth of Lemna. Richards^ 
has reported that soil conditions have little to do with tlie manganese 
content of foodstuffs. 

The toxic action of an excess of manganese on citrus in sand culture 
has recently been studied by liaas^^'h Mottling as well as chlorosis re- 
sulted, and in severe cases a characteristic gum or resin spot appeared 
in the leaves. 
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METHODS 

Tiie present work employed rooted cuttings of Rough lemon, lemon 
(Citrus limonia Osbeck), and orange (Citrus sinensis Osbeck) in solu- 
tion cultures. These were grown in the glassiiouse in shallow enameled 
pans through a period of 12 or more months. Budded citrus trees in 
large sand cultures were used to supplement exjieriments conducted 
with solution cultures. 

The cuttings were grown in Iloagland’s solution modified so as 
to contain double the concentration of calcium nitrate. The concentra- 
tion of ions in tliis solution, in parts per million, was as follows: 

Na K Ca Mg NO, Cl SO, PO, Total 

7 185 318 54 1,211 10 216 105 2,106 

Two and one-lialf p.p.m. of zinc as zinc nitrate and 0.1 p.p.m. of boron 
as boric acid were used in all cultures. To this solution were added 
various ions such as iron, mangan(‘se, silicic acid, etc., as the experi- 
ments required. Manganese was omitted in some cidtures and iron in 
otliers. 

was used as a source of manganese in certain cultures, 
while in others this same solution was used with manganese omitted. 
Manganese^free iron was x>repared electrolytieally with an apparatus 
that consisted of a glass battery jar in wliich was placed a j)orous clay 
cell or cylinder. A bar of iron placed in the clay cell served as the 
I)ositive electrode, while a heavy i)latinum wire fused into a glass tube 
containing mercury served as the negative electrode. Iron sulfate solu- 
tion i)rei)ared in a manner similar to that of Samuel and rii)er^“^' filled 
the jar and clay cell. An auto battery served as a source of direct 
current. In this way, a large quantity of manganese-free iron citrate 
was i)repared. 

It was found to l)e more beneficial to the jilant to renew the evapor- 
ated water daily than to keep the level of the solution constant. A 

stock solution contains the following amounts of salts in 18 liters: 
15.9408 gnuns Al^, ( 804)3 -IHlhO, 1.6953 grams Kl, 5.1787 grains Ti 2 ( 804 )», 1.9300 
grams KBr, 4.1959 grams 8 r(N 08)2 .4IhO, 22.9709 grains LiNO^ .31hO, 5.2628 
grains Mn 804 .411,0, 7.3071 grams and 5.7503 grams When 25 cc 

of ‘ * A-Z ^ * stock .solution is used in 18 liters of Hoagland ts solution, a concentration 
of 0.1 p.j).m. of the following is obtained: aluminum, iodine, titanium, bromine, 
strontium, lithium, manganese, boron, and ammonium. The distilled water is ob- 
tained from a tin-lined cox>i)er still and .stored in a coi>per tank lined with an electro- 
lytic covering of tin. It is jiossible, therefore, that the distilled water contains an 
extremely small amount of copper. Additional cojijier was therefore not added to the 
culture solution. When lithium is omitted * * A-Z ^ ' is referred to as ^ * A-Y. ^ ^ 
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EFFECTS OF CULTURE SOLUTIONS ON GROWTH 

Rough-lemon, lemon, and orange cuttings, because of their rapid 
growth, proved to he well adapted to experiments involving manganese 
or iron. Figure 1 illustrates tlie splendid growth typical of many Rough- 
lemon cuttings that were grown in the modified Iloagland’s culture solu- 



Fig. 2. Growth of Roiigli -lemon cuttings in a culture solution to which purified 
iron, zinc, and manganese- free were added. HeveraJ .young shoots have 

lost all their young leaves and have died. 8ee figure 3. 


tion to which was added manganese-free iron, zinc, silicic acid, and 
“A-Y/’ Several parts per million of manganese-free iron were added 
two to three times each week. 

Cuttings in solution cultures have successfully withstood maximum 
glasshouse temperatures as high as 109°F and culture-solution tempera- 
tures as high as 91 ”F. The cutting shown in figure 1 transpired 18.5 




Nov,, 1932] Baas: Effects of Manganese and Jron Deficiencies on Citrus 


187 


liters dririii^^ 19 days when tlie daily maximuiri glasshouse temperature 
varied from 92^' to 100^ and the solution temperature from 71^ to 82”. 
Another cutting? transpired 32.0 liters during 45 days when tlie daily 
maximum glasshouse temperature varied from 91^ to 109” and the day- 
time solution temperature from 73'^ to 91”. Tlie transjuratiou per unit 
area was not calculated, but the figures indicate the absorptive cajiacity 
of tlie root system. The roots subj(‘cted to sucli temfieratures retaiiHHl 
a healthy white color, as may be seen in figure 1 ; the leaves were dark 
green and the shoots vigorous. 

Effects of Monganesc l)cficienc]} on Groietk of Rough Ijcnion-- 
Wh(‘u mangaiK'se was omitted from tlie culture solution th(‘ growth of 
Hough-lemon cuttings was severidy restrictisl and there was a marked 
abscission of young leaves tliat were unable to attain full size, figures 
2 and 3 show two Hough-lemon cuttings 6 montiis after they were trans- 
f(U*red from the control solution to one lacking manganese. Tin* l(*av{*s 
were yellowisli -green (chlorotic), as though they were in need of iron, 
even though manganese-free iron was added two or three times a we(‘k. 

This might be taken to indicate, as Hopkins lias suggt‘sted, that the 
leaves wen* unable to reoxidize tin* iron art(*r its n^duction by the plant. 
Data givtm later show that a deticimicy of mangan(*se did not jirevent 
the l(*aves from obtaining large amounts of iron, but it is lik(‘ly that 
the iron was of little use to the leaves for the formation of chloro|)hyll. 
It is striking that durijig the months of mang'anese deficiency the roots 
rimiained in an exi'cllent conditioji, ready to start growth upon the 
addition of manganese to the culture solution. 

Recover!/ of (J roivth of Rough Lemon upon AeUUiion of Manganese 
to Mangayiese-dejicicnt Cult ures ~ The quick response of the growth of 
manganese-deticient Hough-lemon cuttings upon the addition of man- 
gaTiese may be s(‘en in figures 4 and 5, The addition of 1 ]).j).m. of 
manganesi* as manganese sulfati* to the cidture solution was followed by 
a new cycle of growth (fig. 5) almost simidtaneously throughout the 
entire top. The new leaves were deep green in color. 

Effects of Memganesc Efxcess on Growth of Rough Tjcnion and on 
Orange, — Clilorosis in citrus was [iroduced not only by a deficiency of 
manganese, but also by an excess. (Jhlorosis of leaves of Hough-lemon 
cuttings occurred when as little as 5 ]).p.ni. of manganese was added 
two or three times a week. The excessive manganese made the roots 
dark brown, and the new^ leav(*s became successively more chlorotic with 
each new cycle of growTH (fig. 6). Here chlorosis is associated with 
excessive manganese even when generous siqiplies of manganese-free 
iron w^ere added. The culture solution was then renewed and tlie total 
manganese concentration was limited to 5 p.p.m. Iron additions were 
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Fig. 3. (irowth of Kougli-loinon cuttings in a. culture solution to which purified 
iron, zinc, and manganese free were added. This |)lant was larger than 

that shown in figure 2 when tlie cuttings were removed from the control solution 
and placed in the manganese-free solution. Then for 6 months, growth of the 
tops was at a standstill. Tlie roots, however, maintained a white healthy appear- 
ance during this period. 
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Fig. 4. Rougli-lornoii cutting after 6 months in a culture solution containing 
iron but no manganese. The manganese-deficient leaves of the last growth cycle 
were removed for analysis just prior to tlu' addition of tlie manganese to the 
c.ultun* solution. Figure 5 shows the same cutting after manganese h.ad been supplied. 



Fig. 5. Same cutting as in figure 4, 29 days after manganese was supplied. 
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eoiitimied as before. The new root ^rrowth was wliite in contrast to the 
dark-brown older roots and the chlorotic leaves greened up somewhat, 
but not entirely. Evidently the excessive manganese in the top pre- 
vented the iron from functioning in the maintenance of a sufficient 
concentration of chlorophyll in the leaves. 



Fig. 0. Kough-lcmon cutting grown in a culture solution to wbicli boron, pnritied 
iron, zinc, and manganese sulfate were added. Five p.p.m. of manganese were 
added two or three times a week. 


Manganese excess on young orange trees in sand cultures not only 
brought about degrees of mottling, chlorosis, and burn, but also pro- 
duced gum or resin spots on the leaves, as shown in figure 7. 

Effects of Manganese Deficiency on Groivth of Eureka Lemon . — 
Eureka-lemon cuttings were unable to produce healthy growth when 
in a culture solution lacking manganese. Figure SA shows the spotted 
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leaves in the center of the top and tlie lack of new ^rowtli. Tlie roots 
were in an excellent condition. 8onie of the leaves \v(‘re then r(*moved 
for analysis. Twenty-nine days after the culture was ^iven nianisfanese, 
the g'rowth was as s(‘en in fijjfnre SB. 



Fig'. 7. ll.'irk-greoii WalcmO.'t orange loaves showing raiscal rc'sinoiis areas as 
one en'eet of excessive manganese, Fpper row: venlra] Itaaf surface; lower row: 
dorsal leaf surface. The leaves were collected from tiau's in sand cultures that 
received Hoagland's solution moditled so as to contain 100 ]).p.m. of manganese 
as manganese sulfate until toxicity was (‘vident, aftc'r whicli the manganese 
concoiitratiou was reduced to 0.1 p.p.in. 


Tlie tnhiition of 0.1 ji-inni. of inaiiganesc brought about growth 
which manganese-free iron was unable to do. Eureka-lemon cuttings in 
a manganese-free culture solution apparently continue to grow until the 
available manganese within the plant becomes inadecpiate for the new 
leaves to reaeh full size at maturity. Leaves that attain full size before 
growth eeases are spotted, and yellowisli green ; they are not jirema- 
tiirely abscissed. When leaves are unable to re^acb full size they ahs(‘iss 
prematurely. Practically all of the retained leaves of the hist growth 
eycle are unhealthy. 
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Fig. 8. Eureka-lemon cuttings: A, after 6 luontha in a culture solution con- 
taining iron but no manganese; B, same cutting 29 days after manganese was 
supplievd. The inanganese-deticicnt leaves of the last growth cycle in A were removed 
for aniUyais just prior to the addition of the manganese to the culture solution. 
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Dark-green, healthy growth can he retained in successive growth 
cycles when manganese is not deficient, as seen in tlie control Eureka- 
lemon cutting shown in figure 9. Each of several cuttings such as that 



9. Odiitrol lOurt'ka-Irmon cuttinfj grown in a. ciiltiive solntioii contaiiiing 
boron, zincj purified iron, and 0.1 p.ji.m. manganese. 


shown in figure 9 were carrying three or four lemons of unusually 
large size. 

The leaves of manganese-deficient Eureka-lemon euttiiigs become 
chlorotic, and the shoots bearing them are usually dwarfed. Plate 4, 
figure 1 shows a branch of a Eureka-lemon cutting grown in a manga- 
nese-free culture solution. The new growth following tlie omission of 
manganese is chlorotic and the leaves are spotted. Many of the old 
leaves on the branch are dark green because the culture had previously 
been supplied with iron and manganese in order to bring the cuttings 
into excellent condition prior to the manganese-deficiency experiment. 

The absence of manganese produces characteristic effects on both 
leaves and shoots of lemon and Hough-lemon cuttings. These effects 
consist of curling and premature abscission of young leaves that are 
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unable to attain full size. In plate 1, figure 1, tlie seciond shoot from the 
right is a young Eureka-lemon shoot taken from a cutting grown in a 
culture solution containing manganese. The young leaves of this control 
shoot soon were well (‘xi>aTKled, botli halves of a leaf being in the same 
plane and of a healthy color. Tlie other slioots shown in plate 1, figure 1 
were taken from several Eureka-lemon cuttings grown in a culture solu- 
tion deficient in manganese. Even the extremely young leaves are seen 
to be either curved ventrally along the midrib or the a|)i(*al region i : 
recurved A^entrally. The manganese-deficient leaves arc* unhealthy in 
appearance, and a slow death of the. defoliated shoot usually follows tlie 
abscission of the leaves. 

Nature of M (ni(jane^e-J) cfi cienc g Gum Spots on Lemon Leaves and 
Shoots. — Th(^ shoots from which immature leaves of cuttings grown in 
manganese-deficient cultures have abscissed are of interest because of 
tlie formation of gum that may take place on them. To the right in 
plate T, figure 2 are shown two such defoliated Kough-hunon slioots. 
Such shoots frequently are curved and in the figure sliow a gummy exu- 
date just above a pcdiole scar and another midway between) two such 
petiole sears. The cliaracd.eristic curve of the dead shoots is also shown 
in figure 2. Shoots killed as a result of high salt concentration usually 
do not show this curvature. 

In plate 1, figure 2 are also shown other Enugh-lemon shoots and a 
Eureka-lemon shoot that were severely defoliated wlnni the cuttings 
w(‘re grown for 6 months in a manganese-deficient culture solution. The 
terminal jiortion of the Eureka-lemon shoot has a dead tip. It is of 
unusual interc'st that this iiortion has a gummy or resinous excrescence 
along the surface like that found in cases of exanthema, or die-back, on 
citrus in the fn^ld. (turn blisters or the orifices of blisters that liave 
already exuded gum may be seen on the Kough-lemon shoots. In exan- 
thema tlie gum blisters are usually found in the region of jietiolar at- 
tactiment, while here they are scattered indiscriminately along the shoot. 

Tlie gum blisters occur in the region of the young xylem, the cam- 
bium, and the phloem tissues. Some blisters may enlarge and not break 
o])en while others force a passage of the gum to the surface of the shoot. 
Figure 10 shows a cross section of a gum blister on a shoot of a Rough- 
lemon cutting grown 6 montlis in a culture solution lacking manganese. 
The passageway of the gum from the gum pocket to the surface of the 
shoot is seen to be a dir(‘ct one. Neither the vessels nor the wood paren- 
chyma cells ar(‘ plugged with gum. 

The effect of manganese deficiency is evident not only in the young 
shoots and immature leaves that absciss, but also in the spotted leaves 










jvoK from outtinf^s 0 monllis iji cultin’o solutioos cool 

riticd iron, l)nt no munf^JiiiOMc, '^riie leaf on tlu' c\ircmc riulit 
i control culture. 
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Fi^-. 1. Tyijicftl inaliiro t;rowth of a shoot of a Enreka-loinoii cuttiiijs; jccrown for 0 
months in a eulturo solution contuininfi boron, zinc, and j>uriticd iron, but no inan^anese. 



Fig, 2 . Loaves of Valoncia-orango trees grown in sand cultures containing finely di- 
vided calcium sulfate as the source oJf calcium and to which the other salts of Iloagland’s 
solution were added, except calcium nitrate. Tlie effects shown in the photograph were 
produced after a C months’ omission of manganese and iron. 
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that attain full size and do not absciss prematurely. In no case do these 
spots give the leaves a semblance to mottling. Plate 2, figure 1 shows 
Eureka-lemon leaves taken from cuttings grown 6 months in culture so> 
lution containing boron, zinc, and manganese-free iron, but no manga- 
nese. The leaf on the extreme right is from a control cutting grown in a 



Fig. 10. Cross section of a gum blister on a slioot of n. Ttough-lemon cutting 
grown 6 months in a culture solution containing boron, zinc, and purified iron, but no 
manganeao. The section shows the manner in which the gum is exud(^l from the 
gum pocket to the surface of tlic twig. 

culture solution containing manganese. The two leaves to the left show 
the initial stages of manganese deficiency while there was still sufficient 
manganese available from the previous control culture solution treat- 
ment, prior to the present experiment, to enable the leaves to reach full 
size and maintain a dark-green color. Such leaves may also represent 
the transitional stage in the resumption of healthy growth when man- 
ganese is supplied to cultures suffering acutely from a manganese 
deficit. 


Fig. 11 Vertical sections of lemon leaver from cuttings grown in manganese 
free enltiire solutions A, initial stages of tell enlaigement and gum formation in the 
spongy mcsopliyll; B, advanced stage of cell enlargement; C, disintegration of 
cells and advanced stages of gum formation; i>, gum formation obviously inde- 
pendent of oil glands. 
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It will be seen that a deficiency of manganese has resulted in the 
formation of spots which are most dense along the midrib. These spots 
are small circular or elliptical areas which resemble areas invaded by 
fungi. They may merge and involve the entire tissue between veins 
(fig. 11) . It is of interest that these spots may become corky or resinous, 



Fig. 12. 8our-ora.nge cutting as a scion on Uough-lemon cutting as a stock grown 
in culture solution receiving abundant purified iron but no manganese. Compare this 
with the one shown in figure 13. 

or both, on either or both sides of the leaf. Such spots are independent 
of the oil glands, as may be seen by holding a leaf up to the light, or by 
making leaf sections. In growing hundreds of lemon cuttings in large 
pans of culture solution in the past, such spots were often observed 
but no explanation of their formation was available. They would be 
present in some leaves and not in others, which now may be explained 
as due to a shortage in the manganese sujiply . It occurred largely with 
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rapidly growing varieties, and the absence of the spotting was associated 
with the frequency of the iron-tartrate additions in the distilled water, 
for the more iron tartrate was added, the more manganese was also 
added as an impurity in the iron supply. Now such spots may be 
banished at will by simply increasing the manganese supply. 

It is of considerable importance that these spots occur in citrus leaves 
when manganese is deficient, and that they are characteristic of such 
deficiency not only in the citrus herein re})orted upon, but they have 
recently been found by Skinner and Ruprecldl^- ^ to be also character- 
istic of manganese deficiency in the leaves of pepper and other truck 
crops in Florida. No such spots have been found as yet either in mild 
or severe cases of mottle-leaf of citrus in the field, and, therefore, it is 
very unlikely that manganese deficiency is related directly to mottle-leaf 
of citrus. 

In the upper row of jilate 3, sliowing the dorsal surface of Rough- 
lemon leaves, the two leaves to the left show advanced stages of man- 
ganese deficiency. Tlie spots are very numerous, the leaves are a 
yellowish-green, and resinous spots occur along the midrib. In the 
lower row is shown the ventral surface of manganese-deficient leaves. 

The nature of these s[>ots is of interest. Figure 11 sliows vertical 
sections of Eureka-lemon leaves taken from cuttings affected with a 
deficiency of manganese. The spots give the leaf surfaces an undulating 
outline. Oxalate crystals are visible in the upper epidermis of figure 
llyl. i\n oil gland is shown in ll/> to be independent of the breakdown. 
The spotting originates from the breakdown of cells first in tlie spongy 
mesophyll tissues, especially in the region of very small veins. Other 
cells become greatly enlarged, Tlie gum formation may proceed through 
the palisade tissue or through the ventral epidermis. It appears re- 
markable that sucli a destructive breakdown of citrus leaves may be 
prevented by liaving 0.1 p.p.m. or less of manganese in the culture 
solution. The results show as conclusively for manganese, as did those 
of Haas and Klotz/'^ for boron, the necessity of minute amounts of 
these elements for healthy growth. 

Effects of Manganese Deficiency on Growth of Orange. — Sour- 
orange cuttings were grown as scions on Rongh-lemon cuttings in cul- 
ture solutions. Figure 12 shows one of these trees after a 6-month 
period of manganese deficioney. Figure 13 shows another of these trees 
of similar age in the same culture solution hut with manganese present. 
The writer's hoiie is that such cuttings may be grown to an even larger 
size, for with an increase in the size of the plant the difficulties of main- 
taining a nutrition balance in a culture solution becomes more acute 
and in overcoming the difficulties much information is gained. 
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Without manganese, Valencia-orangre cuttings (fig. 14) grew poorly, 
even though generously supplied with iron, "riie leaves were chlorotic 
and the young leaves were spotted, the immature leaves al>scissing in 



Fig. 13. Sour-orajige cutting as a scion on Rougli-ieinon cutting as a stock, 
grown in the same culture solution as that used for tlie i)lant shown in figure 12, 
but with mangajiese added. 


extreme cases. Figure 14 A shows some dying shoots from which the 
leaves have abscissed. In some cases where manganese-free iron was 
added to manganese-free cultures containing cuttings of different 
species, the roots had a rusty-brown color from the iron supplied, and 
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yet the leaves were chlorotic. Figure 14B shows the new growth and 
improved appearance of the cutting shown in figure 14A, 29 days after 
the first application of manganese. One month later this cutting had 
new shoots a foot or more in length. 

The young leaves of the orange cutting (fig. 14^ ) grown under con- 
ditions of manganese deficiency show a spotting, as may be seen in plate 
2, figure 2. Usually the chlorotic spots are more dense near the basal 



A B 


Fig. 14. ValcBeia -orange cutting as a scion on sour-orange cutting as stock. 
Ay Condition of culture on July 0, 1931, after 6 months in manganese-free solution; 
By coiiditioji of culture on August 4, 1931, 29 days after the addition of 5 p.p.m. of 
manganese as manganese sulfate to the culture solution. 

region of the midrih. Sometimes a corking-over of such spots may occur 
on both surfaces of the leaf but more frequently on the ventral surface. 
Unless such leaves attain full size, they al)8ciss. 

Manganese and Iron Content of Leaves Grown in Manganese-defi- 
cient Solutions . — When the symptoms of manganese deficiency were 
well developed, leaf samples were taken just prior to the addition of 
manganese. The leaves were powdered in a porcelain mortar to prevent 
possible iron or manganese contamination from a metal grinder. The 
ash wslb determined in order to form an opinion regarding the degree of 
maturity of the leaves. The manganese was determined according to 
the procedure of Samuel and Piper, which is based on the periodate 
method. The iron was determined by the method of Elvehjem and 
Hart,^*^ in which phosphorus was removed and the iron precipitated 
before estimating the iron colorimetrically with portassium thiocyanate. 




201 


Nov., 1932] JTms: JSffeetH of Manganese and Iron Deficiencies on Citrus 

Leaves that were produced after the Eureka-lemon cuttings were 
grown in solution cultures lacking manganese, contained manganese 
concentrations ranging from 1.3 to 3.3 p.p.m. of dry matter, while the 
dark-green leaves that were mature on some of these same cuttings 
before manganese was omitted (control leaves) contained manganese 
concentrations ranging from 10.7 to 17.0 p.p.m. of dry matter. 

It appears that the leaves of the growth brought to maturity after 
manganese was omitted from the cultures, were unable to absorb suffi- 
cient manganese from the leaves that were produced when manganese 
was not a limiting factor to bring the plane of manganese nutrition in 
all leaves on each cutting to the same level. This is in agreement with 
the appearance of the leaves; dark-green leaves grown and matured 
under conditions of favorable manganese nutrition do not show symp- 
toms of manganese deficiency at any time after manganese has been 
made a limiting factor. There appears to be a range below which the 
manganese content of Eureka-lemon leaves cannot l)e decreased by new 
growth that is in need of more manganese. 

While the lack of manganese has not prevented the absorption of 
iron in the samples deficient in manganese, the iron content is less 
(averaging 186 p.p.m.) than in healthy green leaves (averaging 274 
p.p.m.) of the same cutting. 

If lioiigh-leinon leaf samples from manganese-deficient cultures are 
examined, it is found that they consist of old yellow^ leaves deficient in 
manganese, their manganese content ranging from 1.6 to 3.2 p.p.m. of 
dry matter. Kough-lemon leaf samples from control cultures consist 
of dark-green leaves produced before manganese became a limiting fac- 
tor, and their manganese content ranges from 5.6 to 8.6 p.p.m. of dry 
matter. It is of interest to note that a Rough-lemon leaf sample taken 
from one of the most healthy cuttings grown in solution cultures (see 
fig. 1) that had always had ‘‘A-V so as to contain 0.1 ]>.p.m. of man- 
ganese, showed a manganese content of 8.5 p.p.m. in the dry matter and 
is in good agreement with the results from the other Rough-lemon leaf 
samples. The Rough-lemon leaf samples deficient in manganese show 
a lower iron content (averaging 182 p.p.m.) than the control leaf 
samples (averaging 245 p.p.m.). 

The manganese and iron content of the leaves of sour-orange cuttings 
grown as the scion on Rough-lemon cuttings as stock was determined. 
One sample consisted of manganese-deficient yellow leaves and the other 
of dark-green leaves collected from the same cuttings but produced 
before manganese was made deficient. The leaves of the manganese- 
deficient cultures contained 1.3 and 141.0 p.p.m. of manganese and iron 
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respectively in tlie dry matter, while those of the control sample con- 
tained 36.0 and 127.0 p.p.m. respectively. Here the manganese-deficient 
leaves contained more iron than those leaves that were produced when 
manganese was not deficient. 

When manganese is deficient, in most cases there appears to he less 
iron accumulated in the leaves. At any rate the leaves have a yellowish 
cast as though iron were lacking or inactive. In many of these cultures 
the roots were a rusty brown as a result of the continued supply of 



rig. 15. lloligh-lcmon cutting grown in a coinpleto nutrient solution for 18 
months and then for several months with iron and manganese lacking, which ].)rought 
about cessation of growth. The addition of manga.ncse initiated vigorous dark- 
greon growtli. As the growth matured, the leaves became full sized, but the 
chlorophyll intensity was gradually reduced until chlorosis was evident. 


generous amounts of manganese-free iron. Iron does not appear to 
function properly when manganese is deficient, but it does not require 
very much manganes(‘ to correct this condition, which may be largely 
a result of a lack of sufficient oxidizing agent within the cells. 

Symptoms of Iron Deficiency on Rongh Lemon . — The next exjieri- 
ments deal with the lack of iron in the presence of manganese. The 
plants were grown in a complete nutrient solution for 18 months and 
then for several months in a nutrient solution lacking both iron and 
manganese, which caused a cessation of growth. The addition of man- 
ganese brought about increased growth within a few days. Figure 15 
shows a Kough-lemon cutting in a culture solution containing man- 
ganese but no iron. The first young leaves were dark green, owing to 
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a small reserve of iron within the cuttin^^ as a carryover from the control 
solution containing iron that was used prior to starting the present 
experiment. As the leaves increased in size, they became more and more 
yellowish or chlorotic, the apex, of each leaf remaining green the longest. 
In such cultures the omission of iron has caused the leaves to pass 
through all of the stages of chlorosis to that of albescence. It is of con- 
siderable importance to note that the omission of iron, while bringing 
about chlorosis and albescence, has not caused mottle-leaf. 

Symptoms of Manganese and Iron Deficiencies When Calcium is 
Supplied as Calcium Sulfate. — If the manganese and iron are both 
withheld from sand culture of orange trees that have calcium sulfate as 
their source of calcium, leaves such as those showm in plate 4, figure 2 
may be produced. There is an indication of mottling, and in addition 
the leaves are covered with numerous yellow spots. Subsequent leaves 
produced may be chlorotic. The spotting appears to be a result of the 
decreasing manganese available. The mottling may he a composite re- 
sult of high-sulfate, low-calcium solubility, and a reduced iron supply; 
it resembles the mottling in lemon leaves on trees grown in sand cul- 
tures supplied with iron and manganese but with calcium sulfate as the 
source of calcium, whereas the leaves are healthy with calcium nitrate 
as the source of calcium (Haas and Thomas-'^^). Orange trees in sand 
cultures from which iron alone was omitted simply became more yellow, 
indicating chlorosis. This was confirmed with cuttings in water culture 
from which iron w^as omitted. In qualitatively testing the precipitating 
power of solutions of the various salts used in Iloaglamrs solution, it 
was found that not only phosphates but also sulfates rapidly remove 
iron from an iron nitrate solution. 


SUMMARY 

Manganese is necessary for the healthy growth of citrus cuttiugs ih 
solution cultures. 

Although citrus leaves become yellowish green or chlorotic when 
manganese is deficient, they do not mottle. 

Gum or resinous spots occur on either or both sides of the leaves, 
their number at first being greatest along the base of the midrib. Oil 
glands in the leaves show" no effect from such a deficiency. 

Manganese-deficient leaves in acute stages absciss prematurely and 
the shoots die back. Such shoots may show a resinous excrescence or 
gum pockets from which gum may be exuded. 

The roots remain healthy in appearance even though manganese is 
deficient for top growth. This may be because the roots have the first 
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opportunity to absorb manganese and do not surrender any consider- 
able part of it to the leaves during a manganese-deficiency period. The 
quick response of the growth of new green leaves upon adding small 
concentrations of manganese to the culture solution may be due to the 
healthy condition of roots in manganese-deficient cultures. 

Exces.sive concentrations of manganese also bring about chlorosis 
even tliough iron is added to the culture solution in similarly large 
amounts. 

Iron is essential for healthy growth in citrus ; a deficiency brings 
about chlorosis. When manganese is deficient in citrus leaves, in most 
cases less iron api)ears to be accumulated in the leaves. Mottle-leaf of 
citrus has not been shown to be a result of iron deficiency. Manganese 
cannot take the place of iron, and conversely iron cannot take the place 
of manganese. Most, if not all, compounds of iron contain manganese 
as an impurity. This fact must be considered in any study of manganese 
deficiency. 
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PLANT BUFFER SYSTEMS IN RELATION TO 
THE ABSORPTION OF BASES 
BY PLANTS^ 

T. C. DUNNE3 


INTRODUCTION 

In view of tlie iirii)ortant storage and other functions of the paren- 
chyma tissues of agricultural plants, it may be granted tliat it is of 
paramount importance that these tissues be kept in a healthy condition. 
The work of mau}^ investigators suggests tliat a certain degree of 
constancy of the Iiydrogen-ion concentration of such tissues is an im- 
})ortant factor. To assist in maintaining tlie proper reaction, a system 
of buffering in the vacuolar sap with respect to hydrogen ion is pre- 
sumably necessary. This pai>er deals with the buffer systems involved as 
reflected in the sap'‘ obtained by expression. The special feature of the 
investigation was the use of plants grown under controlled conditions of 
solution or sand-culture technhiue. Aside from some earlier work con- 
ducted in this laboratory, very little study luis been made of sap 
obtained from plants grown in definitely controlled nutrient solutions. 

During recent years, Small and his associates have reported the 
results of many studies on the liydrogen-ion concentrations of plant 
tissues. A monograph by SmalU^^^ contains the data obtained in his 

^ lieceived for publication February 20, 1932. 

2 In connection with a general invewtigation, the first part of wliich is now re- 
(ported, it is desired to acknowlodge the as.sistance of a grant received from the 
American Potash and Chemicail Company. 

3 Reseaj’ch Assistant in Plant Nutrition; resigned July 1, 1930. 

4 Various terms are used to dosignat^^ the fluids expressed from plant tissues: sap, 

tissue fluids, plant juice, etc. Objections can be made to any term employed. In 
this paper the common term is used for convenience. 
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laboratory, by himself and his coworkers, Martin, Ingold, and Arm- 
strong. Much work has been done on individual tissues, the pH values 
being obtained colorimetrically by what is termed the ‘‘range indicator 
method’’ or ‘‘R.LM.” A discussion of this work is beyond the scope of 
this paper. In the consideration of buffer systems, Small and his asso- 
ciates have confined their attention especially to a limited range of pH 
between 4 and 7. This is doubtless because the pH of the sap of most 
agricultural plants lies within this range and because changes around 
the actual pH of the plant may be assumed to be the only ones of impor- 
tance from the point of view of the preservation of a suitable hydrogen- 
ion concentration. 

In undertaking the work to lie presented herein, it was felt that only 
by a study of the complete buffer system could the buffering mechanism 
at any point be fully elucidated. The evidence obtained indicates that 
this supposition was correct. Furthermore, the titration of expressed 
plant saps to low and high pH values has a distinct interest, apart from 
the question of pH or of buffering. Reflections are thus obtained of 
variations in concentration of important metabolic constituents of the 
plant. The primary purpose of this paper is to present evidence on the 
relation of plants to their nutrient medium, as reflected by the composi- 
tion and buffer of the sap ex{)ressed from the tissues with a given 
technique. 


TECHNIQUE 

The following investigations have all been conducted on the expressed 
sap of plants. While the contents of the cells of many tissues are repre- 
sented in the composite sap so obtained, it is certain that the bulk of it 
comes from parenchymatous tissue. Although it is unquestionably 
necessary to emphasize and to make allowance for the uncertain and 
composite character of saps expressed from plant tissues, the impor- 
tant point now is that consistent reflections of metabolic conditions may 
be obtained by the study of expressed saps under suitably controlled 
conditions. The ideal of quantitative study of each type of cell or tissue is 
not yet attainable. Smalk^®^ objects that the pH values of expressed saps 
are of limited validity owing to the loss of COg when the sap comes in 
contact with air. Further discussion will try to show that this objection 
is not so important as it might appear at first sight, at least for the ob- 
jectives of the present investigation. 

The principal methods of obtaining sap from plant tissues are: (1) 
grinding the material to a pulp and extracting by pressure; (2) injur- 
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in^ the cells with organic subtsances, such as ether, and then obtaining 
the sap by pressure ; (8) freezing, thawing, and pressing plants. 

The first method gives juice containing suspended matter, and is hard 
to filter. The second and third were compared by Copeland/^ ^ of this 
laboratory, wlio found that the sap obtained by tiiese methods was simi- 
lar in cliaracter. 

The method of fi*eezing and thawing was adopted in the present stud- 
ies. The plant tissues were i)]aced in closed bottles as soon as harvested, 
and then inirnediately set in a freezing chamber, kept at about -15° C. 
The tissues were later tliawed at room temperature, and i)ressure was 
a|)plied while the material was still cold. 

The screw ])ress consists of a heavy ste(‘l casing, into which is first 
inserted a short cylinder perforated with small holes. The material to 
be j)ressed is enclosed in cloth and placed above this cylinder. AnotluT 
close-fitting steel cylinder about 4 inches in diameter and 8 indies in 
height is then set in ])lace. Pressure is ajiplied by a shaft threaded 
through a steel bridg(^ This shaft is fitted to a 16-inch diameter wheel, 
vvliich is turned liy hand. Tlie sap runs through tlie lower iierforated 
cylinder and comes out through an o|>ening on the side of lh(‘ casing. 
In most eases it is filtered rapidly through filter paper and titrated at 
once. In some of the earlier exiieriments it was allowed to stand over- 
night in a cool jdace. For present purposes, the use of extremely high 
Iiressures was considered unnecessary, and in fact, undesirable. The 
intention was to secure a saj) as nearly as ])ossible approximating the 
vacuolar sap. Tlie complete disintegration of tissue was not sought. 

All measurements were made with the Bunker type of hydrogen ele(‘,- 
trode. At first the eletdrode was iilatinized for 10 seconds after each 
titration and hydrogen gas was secured liy electroh\sis of NaOIl solu- 
tion. Later it was found unnecessary to rejilatinize the electrode so 
frequently, provided it was dipped in dilute acid and then thoroughly 
washed with water after each alkali titration. Recently it became more 
convenient to use hydrogen gas from a cylinder. In both cases the hy- 
drogen gas was fiassed over heated platinum black in order to remove 
oxygen. Measurements were made on a Leeds and Northrup potentio- 
meter reading pH directly. The instrument is guaranteed to be accurate 
to 0.01 pH. More accurate instruments are sometimes employed in 
experiments on plants, but the inherent biological errors make it very 
doubtful whether anything is to be gained by f urtlier refinement of the 
physical-chemical technique. The temperature at which all measure- 
ments were made was approximately 25"" C. 
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Some experiments were conducted to determine the accuracy of the 
technique used. Readings of pH taken on a buffer solution of KH2PO4 
showed a maximum deviation of 0.005 pH from the mean, and readings 
were recorded to nearest 0.01 pH. 

Five 50-gram samples of the tops of wheat plants were taken from a 
large lot and pressed out separately after freezing. The values showed 
maximum deviations of 0.03 pH on either side of the mean. As a result 
of this experiment, differences of pH are not ordinarily considered sig- 
nificant if less than 0.1 pll. 

The pressure needed to obtain a representative sample of sap was 
determined. The first half of the sap could be secured with very little 
pressure — the second half required the full power of the press. Titra- 
tion showed that practically identical pH values and buffers were ob- 
tained in each half. 

The importance of freezing before pressing was shown by the fact 
that while 5 cc of sap expressed from unfrozen wheat plants required 
only 2.66 cc of acid and alkali for the buffer over the range of pH 2.0 to 
10.5, the same amount of sap from the frozen plants required 6.40 cc to 
cover the same range. There was also a difference of 0.3 in the initial 
pH of the sap. 

In one experiment, a lot of wheat plants was divided into five portions 
which were separately frozen and thawed, then successively pressed; 
pH determinations were made immediately after pressing. The read- 
ings were as follows : 


1st sample 

pii 

rx87 

2nd sample 

pH 

5.89 

3rd sample 

pH 

5.92 

4th sample 

: pH 

5.91 

5th sample 

pH 

5.93 


There appears to have been a rise in pH on standing before pressing, 
but of less than 0.1 pH. At the same time the effect of standing after 
pressing was specifically investigated. The pH of a sample of fresh sap 
was found to be 5.83, and after standing overnight in a cool place it was 
5.77. Similar comparisons were made on other samples. The changes 
were observed to be within the 0.1 pH limit of error noted above. 

An experiment was then planned to determine more definitely 
whether allowing the tissues to stand at room temperature after thaw- 
ing, but before pressing, had any effect. It was also planned to deter- 
mine whether standing after cutting, but before freezing, had any effect 
on the pH of the sap. A collection of buckwheat leaves was made and 
divided into five portions. Four of these were frozen immediately and 
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the other was left standing in a closed container in the greenhouse for 
three hours before freezing. The results are given in table 1. 

TABLE 1 

Effeot of Atj^owino Leaves to Stani> After Harvf.sting but Before Freezing, 
AND After Thawing but Before Pressing, and of Shaking Elbcitiode 
While Making Beading, on the pH Value of the Sap 


Sample 

No. 

Treatment 

pH valu 

Without 

shaking 

electrodle 

e of the sap 

Shaking 
electrode while 
making reading 

1 

Stood 3 houre before freezing; prt^esed as soon as thawed 

6 35 

5 35 

2 

Frozen at oncjc; pressed as soon as thawed 

5 34 

5 34 

3 < 

Frozen at once; pressed 20 minutes after thawing 

5 4ft 

5 4ft 

4 

Frozen at oncse; pressed 3 hours after thawing 

5 52 

5 45 

5 

Frozen at once; pressed 3 hours after thawing 

5 52 

5 45 


In the case of sap from plants which stood after thawing, a lower pH 
value was obtained when the solution was shaken while the electrometric 
reading was being made. This suggested that some substance was re- 
duced by II at the surface of the electrodes, possibly with the formation 
of ammonia. Such an effect was not observed with sap from samples 
pressed immediately after thawing. 

In the absence of experimental data any explanation of these observa- 
tions is speculative. Nightingale, Schermerhorn, and Robbins^^’'* report 
an increase in the amino acid content of sw^eet-potato roots wiien these 
w'cre allowed to stand subseipient to thawing. Lincoln and Mulay^^’^ 
found that after 24 hours^ standing, hydrolysis of proteins had oc- 
curred in the bark of pear trees. It is possible that changes of this char- 
acter might be of greater magnitude in the leaves of plants, and that 
they are responsible for the observed slight alterations of pll. 

After a number of samples of sap have been prepared for titration, it 
has been the practice to titrate all with alkali and then later all wdth 
acid. The acid titration is usually done about 2 hours after the alkali 
titration. It has been observed that frequently the initial pH taken on 
the second sample of sap (used for the acid titration) is slightly lower 
than that of the first. The number of cases in which this has occurred is 
so great as to make it evident that on standing the H-ion concentration 
of the sap is often increased. The change is usually less than 0.1 pH, and 
is probably a result of the formation of organic acids. Considerably 
longer standing does not seem to produce a further measurable change. 
Another possible source of error is the condensation of moisture on the 
cold tissues before pressing. However, such dilution w^ould not appre- 
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ciably alter the trend of the biiifer curves and probably would not 
change the initial pH beyond limits of other errors. In any given experi- 
ment, all sets of plants were treated alike as far as was possible. 

THE PLANT P>UFPERS 

There are many substances which might be responsible for the buffer- 
ing effect in plant sap. The evidenc(» concerning the more important 
ones will be given consideration. A survey of the literature suggests the 
following substances : 

1. Soluble protein material 

2. (^arbonates 

8. Phosphates 

4. Salts of organic acids 

5. Amino acids and their amides 

Soluhle Protein , — The amphoteric nature of protein material around 
its isoelectric point suggests that it may be of importance in the living 
plant, in the maintenance of a definite hydrogen-ion concentration. The 
experiments of IIurd-Karrer,^^^ Martin, and Youden and Denny 
indicate that actually proteins are not of importance in the buffer 
system of the sap. 

Carbonates . — Carbonates are of importance in the buffer metabolism 
of blood, and must be considered as ])ossible constituents of plant 
buffers. Copeland,'’^ working in this laboratory, was unable to detect 
appreciable amounts of carlionates in the sap exf>ressed from young pea 
j)Iants. MartiiC^^' reports Cfb, present in sunflower sa]), but in amounts 
l)robably too small to constitute an important part of the buffer system. 
Leuthardt^^^ considers the amount of carbonates in fruits and succulent 
plants to be unimportant. 

SmalP^^^ lays considerable stress on the COo found in sap. He objects 
to tlie use of hydrogen electrode determinations on expressed sap on 
this basis. He maintains, correctly enough, that when tlie expressed sap 
comes in contact with the air, any excess CO. will be lost. Furthermore, 
in the act of saturating the solution with hydrogen, the remaining CO. 
will be lost. However, it is very doubtful whether much CO. will be 
found in the sap from leaves or stems of agricultural plants wdfh the 
technique usually employed. The plants are generally harvested during 
a period of illumination when the CO. available is being used in photo- 
synthesis. Martin^^^^ reports 7 per cent CO. in the broad bean {Vida 
faba), but most plants are buffered strongly enough so that the shift in 
pH caused by such a concentration would be very small. 
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It may be suggested, therefore, that when the tops of plants are har- 
vested as in the present investigation, COg is of minor importance, 
either as a determinant of the buffer system or of the actual pH of the 
sap, at least of the composite sap. The effect of COo in certain specialized 
cells may fail to be reflected in such sap. Moreover, much of the value 
of the experiments to be described herein is found in the comparisons 
of saps obtained by a standard technique, wlien i)]ants are grown under 
diverse and known cultural conditions. 

Phosphates . — Phosphates have an important role in the buffer system 
of the blood. In addition to buffering between pH 4.5 and 7.0, they have 
a buffer action around j)li 2 and pH 18. 

The amounts of phosphate usually found in plant sai)s are fairly 
small but around the neutral point may be very important. INTartin^^^’ 
found that between pH 6 and 7, the portion of the buff*er ascribed to 
phosphate varied from 100 per cent in the case of sunflower, to 50 per 
cent in broad bean. According to Ingold,^^^ phospliates account for only 
35 per cent of the buffer between pH 6 and 7 in the potato tuber. It is 
certain that if phosphates are present, they will have some buffer action. 
The varying degrees of importance to be assigned to phosphate as a 
buffer will depend on the amount present, and on the presence or 
absence of some other sub.stance effective over tlie same range of pH. 

tialts of Organic Acids. — Organic-acid radicals are well-known con- 
stituents of plant sap, and earlier, as well as recent investigations, make 
it evident that such acids as citric, malic, oxalic, tartaric, etc., together 
with their salts, are of great importance in the plant buffer system. 

Amino Acids and Amides . — These substances have received very little 
attention as being of possible importance in the buffer system. Ingold^'^‘ 
found that a 3 per cent solution of asi)aragiiie had very little buffer 
between pll 6 and 7. Youden and Dennys" ‘ ^ used a solution of glycocol, 
comparable with the amino acid nitrogen present in potato extract, 
and observed very little buffer. Leuthardt^'*^ believed that glutaminic 
acid is responsible for the buffer of mesembryanthemenum on the 
alkaline side of neutrality, but that amides are not important around the 
actual pH of plant saps. Vickery*''*^ has found appreciable quantities 
of aspartic and glutaminic acids in alfalfa sap. Asparagine is w^ell 
knowm to occur in many plants. 

Other Substunees . — Sugars exhibit a buffer effect above pH 9, but a 
fairly concentrated solution is necessary. While such concentrations 
are present in some fruits, they are not usually found in the green 
tissues of agricultural plants. 
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DUPLICATION OF BUFFER CURVES WITH ARTIFICIAL 

SOLUTIONS 

In 1929/^^ the writer attempted to duplicate the ImlBfer curves of saps 
from buckwheat stems by an artificial mixture. A resume of the w^ork 
(unpublislied) wdll be given here. 

It was realized that if proteins were important the system would be 
extremely complex. Experiments were conducted to see if the proteins 
could be eliminated from consideration. Boiled and filtered sap w^as 
compared by means of bufrer titrations with fresh sap, and the curves 
were found to be identical. In another case wdieat plants w^ere divided 
into two lots, the one being dried and ground, and the other frozen. 
Water w^as added to the dried and ground sample to give the same water 
content as fresh plants, and an extract obtained by the use of pressure. 
The acid buffer curve of this extract w^as compared W'ith that of the 
expressed sap of the frozen plants, and they were found to agree almost 
exactly. 

To separate proteins, tlie expressed saj:) of fresh tissues W'US dialyzed 
for 60 hours and then titrated. The dialyzed sap had a low^er pH and a 
little more buffer than the fresh sap ; but no attempt had been made to 
inhibit enzyme action, and it is believed that this w^as responsible for 
the change in pH. A sample of undialyzed sap which stood for 60 hours 
had the same pH value as the dialyzed sample. It is fairly certain that 
the buffering substances can be dialyzed and that proteins art^ of no great 
importance, as far as the sap itself is concerned. Obviously tlie buffering 
system w^ithin the protoplasm cannot be disclosed by experiments of 
the type reported in this paper. 

An attempt w as then made to duplicate buffer curves of the expressed 
sap from the stems of two sets of buckwheat plants. These plants had 
been grown under controlled culture solution conditions, one solution 
being fairly high in K and the other low\ Sliglit differences in the curves 
reflecting the two treatments Avere noted (fig. 1). An attempt wos first 
made to duplicate the high-K curve, since this wos considered to be 
representative of normal buckwheat stems. A complete inorganic 
analysis of the sap had been made, and phosphate wos used in the con- 
centration determined. By mixing the phosphate with suitable organic 
acids, the curve for the sap could be duplicated on the acid side of pH 7, 
but in order to obtain a buffer on the alkaline side, the addition of amino 
acid and amide was found necessary. The inorganic analysis had shown 
that most of the cation content w^as made up by K and most of the 
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inorganic anion content by NO.t. The total equivalents of all cations 
and of all inorganic anions, except phosphate, were then calculated and 
equivalent amounts of KOH and HNOji added. The following mixture 
was found to give a curve approximating fairly closely the high-K curve : 


Asparagine 0.012 M 

Asx)artic acid 021 M 

Malic acid 020 M 

Phosphoric acid 015 M 

KOIl 160 N 

UNO, 0.100 N 


The initial pll of the mixture was 4.32. 

An attempt was then made to duplicate the low-K curve using dilfer- 
ent quantities of the same constituents. The amide and amino acid 
were increased to give the increased alkaline buffer observed. KOH, 
UNO,, and pliosphate were added in accordance with the indications 
of the sap analysis. As the initial pH of both high-K and low-K saps 
had been the same, it \\'as found necessary to lower tlie organic-acid 
content to bring the solution to the pH of the original sap. The constit- 
uents of the solution were as follows: 


Asparagine 0.016 M 

Aspartic acid 026 M 

Malic acid 004 M 

Phosphoric acid .015 M 

KOH MON 

UNO, 0.100 N 


The initial ])H of the solution was 4.22. The bulfer curves obtained 
from the high and low-K mixtures were then compared witli the 
original curves and with each other. They are shown in figure 1. 

It was evident that insufficient buffer had been obtained on the acid 
side of pH 7 in the low-K artificial mixture (fig. l/>). It is possible that 
this could have l)een corrected l)y a })artial replacement of malic acid 
l)y citric acid, which buffers at the required j)!!. However, tlie Mork 
was suspended at tins point, since its purpose was to indicate the 
classes of substances responsible for the buffer of the saj), rather than 
the actual substances. It was shown that amino acids and their amides, 
which had previously not l)een considered of importance, might play a 
large part in the buffering effect over the range studied. 

Similar results have recently been published by Hurd-Karrer,^''’^ 
using mixtures of phosphate, asparagine, leucin, malate, and glucose. 
She was able to duplicate the buffer curves obtained for the sap of wheat 
seedlings. The amount of glucose used wm about three times as much 
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as was actually found in the sap. Hurd-Karrer considered that the 
excess may represent other soluble carbohydrates or other substances 
buffering above pH 9.5. 

As has been emphasized by IIimd-Karrer'”’ and by the writer, it 
is possible that the same buffer curves could be obtained using an en- 
tirely different group of substances. That the curves could be dupli- 
cated by other substances known to occur in plant sap is not so likely. 



Fig. 1. Comparison of buffer curves of artificial mixtures containing different 
amounts of K, with each otlier and with curves of buckwheat stem sap, high and low 
in K; 5 cc sap used in titration. 


As liiird-Karrer has pointed out, ''it does not seem probable that the 
close agreement between the titration values of the buffer mixtures and 
those of the different juice samples is entirely fortuitous.’^ In spite of 
this, a complete analysis of the sap is necessary before anything can be 
regarded as proved. 

It seems reasonably certain that the buifer on the acid side is mainly 
due to organic-acid radicals. The alkaline side is more problematical. 
Analyses of buckwheat sap were therefore made to determine whether 
aspartic acid and asparagine, when substituted mol for mol for the amino 
acid nitrogen and the amide nitrogen found in the sap, would duplicate 
the buffer on the alkaline side of neutrality. The amino nitrogen was 
determined by use of the Van Slyke apparatus. For amide nitrogen 
the sap was digested with IICl, made alkaline with MgO, and the 
ammonia distilled over into HgSO*. Recent experiments by Vickery and 
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Piicher‘=“> indicate that HjSOi rather than HCl should be used in 
hydrolysis for amides, otherwise low values may be obtained. The 
amino nitrogen was found to be 0.0077 M and the amide nitrogen to be 
0.004 M. The methods available for determining the organic acids were 
unsatisfactory, but an estimate of 0.03 M was made for malic acid. 
Phosphate was found to be low, only 100 p.p.m. being present. For 
purposes of titration, this was regarded as 0.001 M. 



Fig. 2. CJomparison of buffor curves of artificial mixture and of sap from 
buckwheat steiiLs ; 5 ce sap was used in titration. 


These substances were then mixed to the above concentrations and a 
titration curve made. This was compared with the curve of the original 
buckwheat sap. There was not enough buffer above pH 9. Glucose was 

therefore added to give concentration, but even then the original 

curve was not duplicated. While fairly close agreement (fig. 2) was 
obtained on the acid side, the curves separated above pH 10. The artifi- 
cial mixtiire used was as follows : 

Aspartic acid 0.008 M 

Asparagine 004 M 

Malic acid 03 M 

Oxalic acid 01 M 

Phosphoric acid 001 M 

Glucose 0.5 M (7 per cent) 
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To this mixture NaOH was added to bring it to the pH of the original 
sap. The mixture was then titrated with HCl and NaOH as in the case 
of the sap. 

The results clearly show a discrepancy on the alkaline side, particu- 
larly as it is extremely unlikely that 7 per cent glucose would be found 
in buckwheat sap. However, if leucin had been used as by Hurd-Karrer, 
or perhaps a mixture of leucin and aspartic acid, better agreement 
might have been obtained. The alkaline pK value for aspartic acid is 
12.1, while for leucin it is 9.8. This latter should provide more buffer 
over the pll range where the discrepancy is most marked. The aspara- 
gine added seems to supply enough buffer over the part of the curve 
represented by that substance.® 

This experiment suggests further that the classes of substances indi- 
cated independently by Hurd-Karrer and by the writer as being respon- 
sible for the buffering effect in many types of agricultural plants are 
probably the correct ones. 

Wliile the evidence presented earlier indicates tliat the buffer effect 
of one type of substance will merge into that of another type, the buffer- 
ing range of each is sufficiently definite to give some information con- 
cerning changes which have taken place. At least, if two sets of plants 
grown under different conditions should give tVie same pH value and 
identical buffer curves over a sufficient range, it is likely that the princi- 
pal organic constituents of the sap would not differ to any great extent. 
An attempt was made to estimate approximately the amino acdd content 
of a sap from titration data, but owing to the overlapping of curves for 
amides, sugars, and amino acids, this was found to be impractical. 
However, it is believed that a qualitative idea of the concentrations of 
amino acids, amides, and total organic acids can be o]>tained by inspec- 
tion of buffer curves. Smalh^®^ has shown that it is often enlightening 
to compute buffer indices’’ from the titration curves. In connection 
with the present discussion, it has not seemed essential to present the 
data in this form, since the titration curves clearly show the influence 
of the culture media on the buffer system of the sa[). The general classes 
of substances involved in the buffer system are indicated by inspection 
of the curves and from other data. The amount of sap used in all titra- 
tions was 5 cc, and from the data presented, ‘H)uffer indices” can be 
computed if desired. 

5 It has been suggested that phenols and catechols may possibly have a buffer 
effect in the alkaline range. 
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INFLUENCE OF ILLUMINATION OF PLANT ON pH OF SAP 

Diurnal changes in the pH of sap from succulent plants are known 
to occur. Such changes are often of large magnitude. The evidence for 
similar variations in agricultural idants has been recently reviewed 
by Loehwing.^^^^ Perhaps the largCvSt changes are those cited by Ingalls 
and Shive.^®^ They report that buckwheat stem sap may vary from pH 
4.4 to 4.8 and leaf sap from pH 4.9 to 5.4, according to the time of day. 
Accumulation of organic acids during the night and photolysis during 
the day is believed to be responsible for these changes. Such large 
differences had not been observed in this investigation. An attempt was 
therefore made to accentuate the effects of light and darkness. 

Buckwheat plants growing in a culture solution were selected and 
divided into three sets. Set 1 was liar vested in tlie afternoon and at the 
same time set 2 was ])]aced in darkness. On the following day, set 2 was 
liarvested after 24 liours in darkness, and at the same time set 3, which 
liad been in liglit all day, was also cut. These tissues were all frozen im- 
mediately after harvesting and subs(M}U(uitly used for ])H determina- 
tions. 

Tlie buckwheat plants were pressed (uit immediately on tliawing, 
with tlie following results : 



pK 

Setl 

5.28 

Set 2 

5.21 

Set 3 

5.27 


In a simibir experiment with tomato plants which were let stand 
some time at room temperature before pressing, the following values 
were obtained: 

pH of stem pll of leaves 

Setl 5.66 5.73 

Set 2 5.61 5.65 

Set 3 5.68 5.80 

The changes of pH are very small and may not be significant. 

It must also be concluded, from the work of Loehwing^^^^ that while 
changes in pH may be produced by the effect of light, they are not 
always of the large magnitude reported by Ingalls and Shive. Data 
thus far published do not permit comparisons of temperature effects 
during the dark periods. It is to be kept in mind that in the present 
investigation, plants from any one experiment were harvested as nearly 
as possible at the same time of day. 
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A few experiments were made to ascertain whether the pH of the 
expressed sap could be altered by treating the plants with the rays from 
a mercury arc lamp (5 minutes’ daily exposure for 2 weeks) . No signifl- 
eant change in pH was found in these particular experiments. 


INOliGANIC NUTRITION OF THE PLANT IN RELATION 
TO BUFFER SYSTEMS 

Apart from the eflPect of calcium, little investigation has been made 
of changes in the buffer system of the sap induced by modifications in 
the inorganic nutrition of the plant. It is, of course, logical to endeavor 
to exj)lain the buffer components before attempting to identify varia- 
tions in the curves. Some of the work reported below was done in the 
hope that it might throw some further light on the constituents of the 
buffer system. In tlie main, however, it was carried out when some 
knowledge of the system had already been obtained, as described in the 
preceding sections of the paper. 

PhosphorKS. — Martin^^^' has shown that in bean plants, over a narrow 
range of pH, the concentration of phosphate in the plant sap may 
account for all the buffer. That this is not always the case w^as dem- 
onstrated by Ingold, who found that in potato tuber the phosphate 
could account for only about 30 per cent of the buffer over the same 
range of pH. 

In view of the marked effects of subjecting i>lants to a low supply of 
phosphate, it was considered probable that the cell sap might show some 
change as a result of the evidently deranged metabolism. Water-culture 
experiments with wlieat plants were carried out. The phosphate supply 
in the low-})hosphate set was decreased enough to produce a marked 
decrease of yield. Except for decreased yield, these plants appeared 
normal. The sap was obtained and titrated. 

It is evident tliat tliere was a small decrease of pH resulting 
from th(; low phosphate supply. There was also a considerable increase 
in the buffer on the alkaline side, which probably indicates an increase 
in amides, amino acids, or sugars (fig. 3). KraybilU®^ has reported 
analytical data showing an increase of amide and amino nitrogen in 
plants grown under conditions of low phosphate supply, and similar 
results have been obtained in this laboratory. 

Calcium , — Various earlier investigations have emphasized the as- 
sumed necessity for Chi or C’aC'Oo for neutralization of organic acids 
produced in the course of plant metabolism. The effects of liming soils 
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on the reaction of plant sap have received much attention. Frequently 
the results of such experiments are lacking in consistency, and the 
biological errors involved have not always been given due consideration. 

Loeliwing^^*^^ has recently studied wheat plants grown on humus and 
loam soils. The plants from the lime-treated soils in all cases showed a 
decrease in acidity. There was a larger change in pH in the plants 
from the humus soil treated with lime than in those from the loam soil, 




Figs. 3 and 4. Buffer curves for tops of wheat plants (Little Club) grown in solu- 
tions indicated in each chart; 5 cc of sap was used for titration. 

The solutions were of the type described in table 4. In the low-PO^ solution, 
KH 3 p 04 was used in 0.0001 M concentration. 

The plants were grown in a greenhouse approximately 6 weeks from Pcdiruary 24, 
1928. Two-liter jars were employed, with two plants in each jar. 

but the former showed signs of chlorosis. Loehwing considered that the 
acidity developed in plants grown on the untreated humus soil and the 
alkalinity developed by large additions of lime were both injurious. The 
most vigorous plants were grown on the loam soil, and the differences 
of pH between plants grown on the limed and unlimed soil, while 
definite, were smaller than on the humus soil, being usually about 0.2 
to 0.3 pH. 

Dustman^®’ used tomato plants grown in water cultures to investigate 
the effect of Ca. The plants were grown at pH values of 4, 5, and 6, 
concentrations of Ca being 1,000, 100, and 10 p.p.m. While the low-Ca 
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plants showed small increases in acidity of sap, it was believed that in 
view of the variations found in duplicate samples, the differences were 
not significant. Newton^^®^ also grew pea plants in solutions of high 
and low Ca content and found no increase in acidity associated with 
low Ca supply. 

It seems probable that the internal pH of plants may sometimes be 
definitely changed, usually within a narrow range, by large api)lications 
of CaCO,,, but it has not been adequately proved that such applications 
are actually indispensable for the purpose of preventing an injurious 
lowering of the pH of the sap. To investigate this point further, plants 
were grown under conditions of high and low Ca supply. In order to 
control the supply of Ca accurately, culture solutions were used. Wheat 
plants were grown in solutions containing 4 i).p.m. and 100 p.p.m. of Ca. 
In all solutions in which tlie Ca concentration was decreased, the Mg 
concentration was also decreased with the idea of avoiding any possible 
complications in the relation of Ca to Mg. Determinations of pH and 
of buffer were made in the usual way on the expressed sap. No signifi- 
cant difference of initial pH was observed, but the low-Ca treatment 
produced an increase in tlie buffer against acid (fig. 4). Analyses for 
all the inorganic cations and anions were made. 

Table 2 shows that a significant lowering of the Ca content of the sap 
resulted from the low-Ca treatment. The cations and anions were cal- 
culated as milliequivalents per liter, and the total of equivalents of ca- 
tions compared with the total of anions as determined. Assuming that 
the excess cations were in equilibrium with organic-acid radicals, it is 
seen that, in sy)ite of tlie lowering of Ca in the culture solution, and also 
in the sap, more bases are found in combination with organic-acid radi- 
cals in the low-Ca sap than in the high. The increase in buffer shown by 
the titration curve is consistent with this finding. 

A different condition with respect to Ca exists in buckwheat sap. It 
has been assumed by other investigators that in this plant Ca is neces- 
sary to precipitate oxalic acid, which would otherwise be injurious by 
reason of its toxic nature. While oxalic acid may be injurious to animals, 
as far as the writer is aware it has not been proved that the oxalate ion, 
when divorced from the actual acidity produced by oxalic acid, has 
any toxic effect on plant growth. However, it is true that deposits of 
calcium oxalate are found in many plants, including buckwheat, and 
for this reason, oxalates are of special interest. 

Buckwheat plants were grown in culture solutions containing 4 
p.p.m. and 100 p.p.m. of calcium. Similar growth was made under 
each condition, although the yield from the low-Ca solution was about 



Nov., 1^32] 


Dunne: Plant Buffer Systems 


223 


20 per cent greater. At harvesting, the leaves and stems (including 
petioles) were separated, and buffer curves were obtained on the ex- 
pressed saps (fig. 5). There was no change of initial pH for either the 

TABLE 2 

Anton and Cation Content of Sap of Wheat Plants Grown Under Low 
AND High -C A Conditions 


Culture Rolutit)n 

Ca, in 

p.p.iii. 

Total 

cations 

I'otal 

inorganic 

anions 

Excess 

cations 



Milliequi valents per liter 

Low Ca 

75 

162 i 

19 

143 

Ihfrh Ca 1 

330 

197 1 

64 

113 


stems or leaves, but as in the case of the wheat, the buckwheat plants 
had a greater acid buffer in tlie low-Ca solution than in the higli. The 
sap from the stems will be considered more fully. Table 3 gives a sum- 
mary of the analytical results. Owing to tlie fact that most of the Ca in 



Fig. 5. Buffer curves of sap from buckwheat stems and leaves; plants grown in 
high and low-Ca solutions. Five ce sap was used in titrations. 

buckwheat is insoluble, the concentrations are low in the sap froih 
plants of both sets. The Ca contents of the residues left after express- 
ing the sap were 0.20 per cent and 1,43 per cent on the dry basis, for 
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the loM^-Ca and the hi^^h-Ca plants respectively, thus proving that the 
low-Ca treatment was effective in reducing the calcium content of the 
plant as a whole. Both total equivalents of cations, and the excess of 
equivalents of cations over inorganic anions, were greater in the low-Ca 
plants (table 3). More base was available for combination with organic 
acids in the low-Ca plants than in the high-Ca plants, and the titration 
curves are consistent with this fact. The same relations were observed 
with the buckwheat leaves. 

The decrease in Ca content of the sap was accompanied by a large in- 
crease in K. The latter then served as the main base in equilibrium 
with organic acids, and it is suggested that in the buffer system of the 
sap one base serves as well as another, provided enough total base can 
be absorbed. As K is readily absorbed by most plants, it is possible that 
the absence of Ca from the buffer system of plants of the type under 
discussion may have no ill effects, provided that it is present in suffi- 
cient amounts for other purposes of plant metabolism. 

The changes in pll of saps as recorded in the literature have been 
mainly produced by applications of lime to soils. A sand-culture experi- 
ment was planned to investigate this phase of the problem. Two-gallon 
crocks of pure white sand were prepared and to each crock was added 
1,500 cc of culture solution containing 100 p.p.m. Ca for the high-Ca 
set and 20 p-p.m, for the low-Ca set. In the third set (/aCO j was mixed 


TABLE 3 

Anton and (Ution Content of Sap from Buckwheat Stems Grown in Low 
ANT) High-Ca Culture Solutions 


Culture solution 

Ca, in 
p.p.m. 

Total 

cations 

Total 

inorganic 

anions 

.Excess 

cations 



1 Milliequivalents per liter 

Low Ca 

59 

317 

182 

135 

High Ca 

123 

193 

92 

101 

1 


with the sand to give a content of 1.5 per cent CaCO.,, on the basis of 
dry sand. Five buckwheat plants were grown in each crock. The growth 
was about the same with high and low Ca supply, but the CaCOs-treated 
plants became chlorotic. Iron tartrate was added frequently in an 
attempt to correct this condition, but the ultimate yield was only about 
one-half that of the other sets. The pH values and analytical data on 
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the saps are given in table 4. The titration curves are shown in figure 6. 
The titration for the leaves from the high-Ca solution was not made. 

In both stems and leaves, the CaCO^ treatment brought about an 
increase in pH in comparison with the high-Ca treatment. In the stems 
the low-Ca treatment increased the pH while in the leaves it caused a 
decrease. This may be explained by the fact that the sap from the stems 
had a higher concentration of K than was found in the sap from the 



Fig. 6. Buffer curves of sap from buckwlieat stems and leaves; plants grown 
with high Ca, low Ca, and CaCOa- Five cc sap was used in titrations. 

leaves, the sii!)stitution of K for Ca increasing the base content. The 
CaCO., treatment resulted in a large decrease in buffer on both the acid 
and alkaline side, which would indicate that the organic-acid, including 
amino acid, content w^as decreased. The results of analyses made for K 
and oxalate in the sap are given in table 4. As usual, the K values of 
the low-Ca plants were higher than those of the high-Ca plants. There 
was a slight decrease of K in the sap of the CaCO^ plants. It was 
thought that in the CaCO^ series, more K may have entered the plant 
as Kh and HCOg'”' and that this w^ould be reflected in the sap. Later 
evidence suggests that it is possible that even in this case more K was 
absorbed than by the high-Ca plants, but that a greater amount of it was 
precipitated. 

The oxalate figures are more striking. The least amount of oxalate 
was present in the high-Ca set, twice as much being present in the low-Ca 
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set. This is probably owing to the extra equivalents of base absorbed as 
K in the latter set and available for combination with organic acids. 
In the CaCOg set, there was evidently a marked reduction in the con- 
centration of organic-acid radicals other than oxalic. Data cited later 
will show that large amounts of both Ca and oxalate were precipitated 

TABLE 4 


pH Values and Oxalate and Potassium Content op Sap from Buckwheat 
I'LANT s Grown in Sand CuijTure* Under Different 
C0NDIT10N.S of Ca Supply 


Culture 

pH value 

1 C204-- - 

K 

Yields, fresh weight for 

10 jars 

conditions 

Steins 

Leaves 

Sterns 

Ijeavcs j 

Stems 

Leaves 

Sterns 

Leaves 

Total 

Low Ca 

4 90 

5 27 

p.p.m. 

2,360 

t 

p.p.m. 

9,460 

p.p.m. 

5,930 

gra mu 

480 i 

gram.'t 

120 

graJiiH 

600 

High Ca 

4.60 

5 40 

940 

t 

7,540 

t 

430 

100 

530 

CaCOa 

i 

5.20 

5.02 

3,280 

t 

7,310 

5,970 

230 

55 

285 


Composition of solutions used 


Solution 

KNO.a 

Ca(N03)'.. 

KH 2 PO 4 

Mg804 

KaSOi 

CaCO.T 
tier cent 
in sand 

I'e, Mn, H 

Low Ca 

moU 

mols 

moli 

mola 

moU 

}ter cent 

Toall flf)lutions, H wan added 
to give a]jproxi rnatoly O.l 

0 0075 

0 0(K)5 

0 001 

0 001 

0 001 

0 0 

p.p.m. eonrontratiun and 
M n 0.3 p.p.m. Fo as 0.5 per 

High Ca 

0025 

0025 

,001 

.001 

002 

0 0 

cent solution of tartrate 
was added as needed to 

CaCOa 

0 0075 

0 0000 

0 001 

0 001 

0 001 

15 

maintain gn^eii color of 
plants. 


* Plants were grown in a greenhouse from April 29 to July 2, 1929; 2-gallon glazed earthenware crocks 
and pure silica sand were used, 
t Analysis not made. 


out of the sap, the greatest amount of both, in an insoluble form, being 
found in the plants from the CaCO^ set. It would seem that in the 
plants grown in the ('aCO.j medium, oxalic acid was formed at the 
expense of other acids and that much of this oxalic acid was precipi- 
tated out, leaving a lower total acidity in the jilant sap. 

The results of the experiments on Ca may be briefly reviewed. If 
enough Ca is supplied for the maintenance of functions other than those 
concerned with the sap buffer system, injury to the plant may not result 
from a low-('a supply, since sufficient base can be provided in the form 
of K. A low Ca supply usually causes an increase in organic-acid con- 
tent of the sap as manifested by an increase in the buffer against acid. 
The change in buffer on the alkaline .^ide is small but may show a slight 
decrease under conditions of low Ca supply. The actual pH of the sap 



Nov., 1932] 


Dunne: Plant Buffer Systems 


227 


is not necessarily changed by this treatment. On the other hand, CaCOs 
may produce considerable increase in pif. This change seems to be 
definitely unfavorable to the growth of buckwheat, and possibly of 
many other plants. CaCO;, also produces a large decrease in buffer on 
both sides of the neutral point in the case of buckwheat. Similar rela- 
tions do not hold for melilotus. 

It must be borne in mind that neither wheat nor buekwlieat plants 
have, as a normal condition, large amounts of Ca in the sap. Buck- 
wlieat in its tissue as a whole often contains a large amount, but it is 
nearly all insoluble. For tliis reason no generalization can be made. 
Some plants wliieli usually have a high Ca concentration in the sap 
show marked injury from a low-(hi treatment. This is tlie case with 
melilotus. The functions of (Ja in plants of tliis type are not yet under- 
stood, but it does not ap[)ear from present evidence that the develop- 
ment of too great an acidity in the plant sap is the primary factor in- 
vol ved. 

It was noted above tliat when the (>a sup])]y was low there was an 
increased al)sorption of K by the plant, and a substitution in the sap 
of the former base l)y the latter. The reverse substitution may also 
occur, according to the results of experiments conducted in this labora- 
tory. However, w'hen the K supply is low, Ca, l)eing a more slowly 
absorbed ion, is often not taken into the plant in sufficient quantities to 
permit complete substitution of bases. One result is that the pll of 
low'-K plant sap is frequently slightly low’er than that of liigh-K sap. 
The lower pH is generally accompanied by a large increase in the buffer 
against alkali. If the substances already suggested are responsible for 
the buffer in sap, this increased buffer indicates an increase in amides, 
amino acids, and sugars. Analytical data show this to be the case. 
Nightingale and coworkers^^*^^ have also reported an increase in amide 
and amino nitrogen resulting from a low^ K supply, and many results 
of tlie same trend have been accumulated in tliis laboratory. 


THE OXALATE SYSTEM IN BUCKWHEAT 


Crystals of calcium oxalate have been observed in manj^ plants. The 
high content of Ca in buckwheat plants and the fact that most of it is 
in an insoluble form suggests the formation of this compound. As 
already mentioned, it is on this basis that the role of Ca in tliis and 
other plants wdth a similar type of metabolism has been thought to be 
that of precipitating the oxalic acid formed. 
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The data presented above have proved that a decrease in the Ga sup- 
ply may not be accompanied by an increase in the hydrogen-ion con- 
centration of the expressed sap. Furthermore, according to the data 
presented in table 4, the oxalate content of the sap from buckwheat 
stems was higher wdth the CaCO,, treatment than with the low-Ca 
treatment. It was therefore of interest to investigate more specifically 
the oxalate relations. In addition to calcium oxalate, some plant anato- 
mists have reported crystals of potassium acid oxalate in plants. As the 
investigations on buffer systems had demonstrated that Ca could be 
more or less completely replaced by K, it was considered probable that 
oxalate might be converted into an insoluble form as potassium acid 
oxalate. 

The solul)ility of Ca, K, and oxalate in water and in acid was investi- 
gated. Buckwheat plants were grown under controlled conditions of 
solution-ciiltvire technique. At harvest, the stems and leaves were 
separated and the plant tissues dried as quickly as possible at a tem- 
|)erature not exceeding 90° C. After being finely ground, different 
portions of the material were extracted with water, with 5 per cent 
IICl, and with hot 1 per cent IICl. It was observed that the constit- 
uents being investigated behaved in the same way under the last two 
treatments. The extraction was made with 25 parts of solvent to 1 of 
dry material, in an end-over-end shaker, for a period of 24 hours. The 
hot acid extract was made hy heating for several hours on the steam bath. 

The usual laboratory methods were employed for determinations of 
Ca and K. The following method for oxalate was developed : To the 
acidified aliquot to be analyzed 3 to 5 cc of 10 per cent CaCl^ were 
added, and the solution heated. This w^as followed by 10 cc of 20 per 
cent sodium acetate. The solution was then made just alkaline to methyl 
red by the addition of ammonia to the boiling solution. After a few 
minutes^ boiling, 3 cc of acetic acid (1 part acetic acid, 4 parts water) 
were added. This was found to bring the solution to pll 5.0-5. 2. The solu- 
tion was filtered, preferably after standing, and washed well to remove 
soluble calcium. The precipitate containing calcium oxalate plus some 
organic matter was dissolved in IICL The solution was then evaporated 
to dryness and the residue ignited. The Ca content of the ash was 
determined and from it the oxalate present in the sample calculated. 

The results from analyses on buckwheat leaves grown under culture 
conditions of low Ca, high Ca, and CaCO^ are given in table 5. This 
set is similar to one discussed previously in connection with hydro- 
gen-ion concentration and buffer titration. In columns 1 to 6 are given 
the amounts of each ion found in the extracts. In column 9 are given 
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the equivalents of water-insoluble oxalate minus water-insoluble Ca. 
On the assumption, that the oxalate thus computed existed as KIIC2O4, 
the equivalents of HC204'“ ’would be only half the number expressed 
as On this basis there is a suggestive agreement between the 

amounts of insoluble K and of residual oxalate. 

TABLE 5 

, and C 2O4 Dissolved from Buckwheat Stems by Diffi^rent Solvents 


MilIiequivalonf8 of certain ions for 100 grams dry weight 


Culture 

.Soluble in HjO 

j Soluble in UCl* 


Insoluble in w'afer 


conditions 

C20r 

CiV ‘ 

\ 

C204' 



c-o.-- 

Cu'*'*' 


K+ 

HC2()4-t 



s 

3 

4 

5 

6 


8 1 

.9 


11 


Iji leav^ 


TjOW' C/a ... 

23 



i 

35 

128 

75 

46 

105 

75 

30 

n 

15 0 

High Ca 

20 

-X 

30 

120 

86 

38 

iOO 

86 

14 

8 

7 0 

CaCOs .. 

j 

31 

-r : 

34 

158 

no 

46 

127 

no 

17 

12 

8 5 


In Bteins 


■ 

" * ■' 

20 

1 

114 

62 

34 

125 

42 

33 


n 


High Ca... . 

13 

2 

71 

62 

46 

102 

49 

44 


31 


CttCOa 

15 

a 

94 

89 



104 

114 

74 

100 


20 1 



* Cold 5 per rent acid was used for the stems and hot 1 per cent acid for the leaves, 
t On the assumption that the oxalate computed by subtracting insoluble Ca'^ from insoluble ChO^ ' ' 
(col. 11) existed as KilCi04, the liC504 would be only half this oxalate, 
t Amount negligible for present purpose. 

The inference can reasonably be drawn that in buckwheat leaves 
oxalic acid formed in metabolism may be precipitated by either Ca or K. 
This is contrary to the contention that Ca in the form of CaCO.. is 
necessary for the ])recipitation of oxalic acid. It is also evident that not 
only is the total oxalate concentration highest in the CaCO.j-treated 
plants, but that th(‘ water-soluble oxalate is also liighest in this set. 

Analyses were also made on the stems of this set, the acid extract 
being made with cold 5 per cent IlCL The material was shaken for 24 
hours, simultaneously with the water extract. The acid extract of the 
stems had a higher K and lower Ca content than that of tlie leaves and 
in this case also large amounts of both elements were insoluble in water 
(table 5 ). There are more than enough equivalents of Ca and K in an 
insoluble form to account for the oxalate precipitated. Insoluble com- 
pounds of these elements other than oxalates may be formed. Tlie fig- 



mo 


MilffurdUi 


ures f or the CaCOg set shoM^ that this is undoubtedly the case for Ga, 
for even if the insoluble K is not included, there is still an excess of in- 
soluble Ca over insoluble oxalate. 

As before, the total oxalate was highest in the plants receiving the 
CaCOg treatment. It would seem that the excess oxalate was formed in 
response to the presence of CaCOg in the medium, rather than that the 
Ca was essential to precipitate the oxalic acid necessarily formed as a 
result of metabolic processes. 

It is of interest that in this experiment slightly more growth was 
made by the low-Ca plants than by the high-Ca plants. The plants 
grown in the medium containing CaCO^ had only about half the weight 
of those grown in the other media (table 4). In both stems and leaves 
the concentration of water-soluble oxalate was higher in the low-Ca set 
than in the high, and in the stems it is highest of all in the low-Ca plants. 
This seems to refute the idea that oxalate is injurious to growth of this 
type of plant. In both stems and leaves, water-soluble K is highest in 
the low-Ca plants. It is probable, therefore, that as long as sufficient 
base is present, an increase in oxalate is not injurious. 

It might be argued that the extra amount of K found in the water 
extract of the plant tissues was responsible for the increased growth, 
regardless of the oxalate concentration. It will be observed, however, 
that both water-soluble and total K are higher in the CaCO^ plants 
than in the high-Ca plants, and yet no increase in growth resulted. This 
is not conclusive, for the CaCOj, may have counteracted the beneficial 
effect of the K absorbed. As suggested above, it is possible that the 
additional K was absorbed in this case as and IICO;;—, and that this 
w^as in part responsible for the alkalinity observed in the expressed sap 
of the CaCOy x)lants. 

Another experiment was conducted wdth culture solutions, using 
three solutions: (1) high Ca and K, (2) low Ca, and (3) low K. The 
dried material was extracted with water and 5 per cent HCl. The 
analyses are given in table 6. In the low-K set all the potassium is in a 
water-soluble form. There is more insoluble Ca than insoluble oxalate, 
indicating that some Ca exists in other insoluble forms. In the low-Ca 
plants, there is a comparatively small amount of insoluble oxalate pres- 
ent. In this case the equivalents of insoluble K alone far exceed those 
of insoluble oxalate, suggesting that some K may go out of solution 
in some form other than KHCnO*. It may be that precipitation as 
KH 3 (C 204)2 occurs in some cases, which would make the discrepancy 
still greater. Again in this set, the highest total oxalate concentration 
was associated with the highest Ca content. 
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In the low-Ca plants, at the pH of the sap, the soluble oxalate would 
be present, if in equilibrium with K, as K2C2O4. Assuming this equi- 
librium to exist, there would not be enough water-soluble K to form 
salts with the oxalate ions present. As the Mg was probably very low, 
being supplied in small amount, it is possible that there was an accumu- 
lation of oxalic acid with lowering of pH. The fact that in this experi- 
ment the yield from the low-Ca set was less than the high-Ca set, 
strengthens this assumption. 


TABLE 6 

Ca^"^, K*", and C2O4 Dissolved from Buc kwheat Stems by Different Solvents 



Milliequivalents of certain ions for 100 grains dry weight 

Yields, dry weight. 

Calf ure 
condi- 
tions* 

Soluble m tUO 

Soluble in IlClf 

j Insoluble m HaO 

for 36 jars 



CtO* “ 

Ca^^l 

K* 



K+ 

C2<)4-“ 

Ca^^ 


Stems 

Ijcaves 

Total 

f/ow Cft 

62 

1 

41 

81 

21 

94 

19 

21 

53 

grants 

525 

gTain< 

185 

710 

fligh K 

4 

5 i 

34 ! 

lU 

104 

73 

107 

99 

39 

693 

250 

945 

[x)w K 

5 

46 1 

9 

159 

232 

9 

154 

186 

0 

480 

' 240 

720 


ConiiX)«ition of culture Boliitions UBed 


Sol ution 

KNOj 

1 

Ca(N(>3's 

KH2P()4 

MgS04 

KjSO* 

Pe, Mn, B 


moU 

inoln 

moh 

moh 

moh 


Low Ca 

0 oa5 

0 0002 

0 0004 

0 0004 

0 0006 

Treatment similar 

High K 

005 

0050 

0004 

001 

0000 i 

to that described 

1-ow K 

0 000 

0 0050 

0 0004 

0 001 

0 0000 

in table 4 


* Plants \»ere grown in a greenhouse from June 28 to July 22, 1929 2-litcr jars wore used with 2 plants 
in each jar 

t Cold, 5 per cent acid 
f f J Amount^^negligiblo 


The theory that absorption of Ca is necessary in order to precipitate 
oxalic acid formed in plant metabolism, is not substantiated. It would 
appear to be immaterial whether the oxalate is in a soluble or insoluble 
form, provided sufficient base, either Ca or K, is present. Furthermore, 
it is shown that when the Ca content of buckwheat plants is markedly 
increased by growing them either in the presence of an excess of CaCO 
or in a low-K solution, there is a decided increase in the amount of oxa- 
late formed. An increased yield of oxalate may possibly result from 
an upsetting of metabolism caused by these treatments. On the other 
hand, plants grown in a solution low in Ca do not necessarily show a 
similar increase of oxalate. 
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SUMMARY 

In the light of previous investigations conducted by the author, a 
furtlier attempt was made to identify the principal types of substances 
responsible for the buffer of plant saps. All work was done on sap 
expressed from tissues frozen and thawed. It is concluded that organic 
acids, amides, amino acids, phos|>hates, and sugars are the substances 
of most importance. The data suggest that in studies on plant meta- 
bolism, titration curves may be a useful means of ascertaining large 
changes in some of the organic constituents of the sap. 

A low phosphate supply resulted in an increase of hydrogen-ion con- 
centration and buffer in the sap. This probably indicates an increase 
in organic acids, amides, amino acids, and possibly sugars. Similar 
changes may occur as a result of low K supply. 

The importance of Ca in the plant buffer system was studied. It is 
shown that Ca is not an indispensable part of the buffer system of the 
plants studied. Such plants when grown with a low Ca supjjly do not 
necessarily show an increase of hydrogen-ion concentration in tlie sap, 
nor are they always injured. Under these conditions, the base necessary 
for the buffer system is supplied by an increased absori)tion of K. On 
the other hand, CaCOjj treatment may produce a condition of alkalinity 
which is definitely injurious to some plants. Furthermore, ^ was 

not found to cause a decrease in the oxalate content of ])lant saj) in 
buckwheat. 

The oxalate system in buckwheat was investigated. A large proi)or- 
tion of the oxalate is usually in an insoluble form. The data indicate that 
this may be precipitated either with Ca or K. The theory that (-aCO.j or 
Ca(HCOy)o is necessary for the neutralization of organic acids in such 
plants is not substantiated. Tlie high Ca content undoubtedly indis- 
pensable for good growth of certain types of plants seems to require 
some other explanation. 
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VACCINATION OF SWINE AGAINST TUBERCU- 
LOSIS WITH CALMETTE-GUERIN 
CULTURE, BCG^ 

F. M. HAYES,-’ C. M. HARING,^ and J. TRAUM^ 

INTRODUCTION 

Swine being highly susceptible to bovine tuberculosis and, under many 
systems of swine husbandry, exposed to infectious material from tuber- 
culosis cattle, it was thought advisal)le to carry out certain experiments 
at the University of Galifornia to test the protective effect of the Cal- 
mette-Guerin culture known as BCG, upon hogs under controlled ex- 
posures to infection. Results of similar experiments conducted with 
cattle have already been published by the writers.^*^^ 


REVIEW OF LITERATURE 

At the time the experiments reported herein were started no publica- 
tions were known to the writers regarding the immunizing effect of BCG 
on swine, and contributions appearing since that time are not in agree- 
ment. 

Ascoli^^’^^ and his collaborators reported an experiment with 12 pigs, 
6 of which were vaccinated before the tenth day of age. The other 6 were 
retained unvaccinated as controls. Of the 6 vaccinated pigs, 3 were 
given the vaccine by mouth, each receiving a dose of 10 mg on three al- 
ternate days. The other 3 pigs were vaccinated by injecting each sub- 

1 Received for publication May 26, 1932. 

2 Professor of Veterinary Science and Veterinarian in the Experiment Station. 

8 Professor of Veterinary Science and Veterinarian in the Experiment Station. 

4 Professor of Veterinary Science and Veterinarian in the Experiment Station. 
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cutaneoiisly behind the ear with one dose of 10 mg. In 1 of these latter 
(No. 13) the effect was considered unsatisfactory by Ascoli because it 
showed sloughing at the point of injection. The test infection was given 
twelve weeks later by injecting into the ear vein a suspension of virulent 
bovine tubercle bacilli. Autopsy note's were piil)lished only for 3 of the 
vaccinated pigs and 1 of the controls. These 4 cases, in which each re- 
ceived 1 mg of virulent bacilli intravenously August 5, 1926, may be 
summarized as follows : 


Pig No. 

Vac<!inated 

Date slaughtered 

Tuberculous lesions 

19 

Subcutaneously 10 mg on May 15, 
1920 

March 10, 1927 

Slight in bronchial and mediastinal 
lymph nodes 

13 

SubcutaneouHly 10 mg on May 11, 
1926 

.June 30, 1927 

Tubercles jiiarked in bronchial, 
mesenteric, hepatic and pharyn- 
geal lymph nodes and in liver; 
slight in kidney 

2 

Py mouth 10 mg doBes on May 11, 
13. and 15, 1926 

.June 30. 1927 

Moderate lung lesions, extensive 
lymphatic lesions; more extensive 
liver k-^sions than No. 13 

4 

Control 

.June 22. 1927 

Extensive in lungs and lymphatics 


Four of the other pigs had received 0.02 mg virulent tubercle bacilli in- 
travenously and 4 only 0.0005 mg. Ascoli did not state what was found 
when these 8 swine were butchered except tliat No. 20 which had l)een 
vaccinated subcutaneously and then infected intravenously witli 0.0005 
mg came nearest to the degree of resistance exhibipKl in No. 19. lie con- 
cluded that vaccination by mouth liad failed to develop any perceptible 
resistance to the i)articular kind of test infection which lie had used. On 
the other hand he stated that the results in the swine vaccinated sub- 
cutaneously justified the conclusion that this method is capalile of “pre- 
munizing^’ swine against tul)erculous infection. 

From these two publications by Ascoli, the writers can not see how 
he and his coworkers are justified in such a conclusion, particularly 
since this was apparently based on the relatively slight lesions found in 
his swine No. 19. It should be noted that tliis swine was slaughtered 104 
days before the control and it seems to the writers that if it had been per- 
mitted to live until June 30, 1927, the lesions might have developed to 
the extent of those found in control No. 4 or the pig (No. 2) which had 
been vaccinated by mouth. 

Sanz^®^ in Chile has reported the vaccination of 993 pigs, but stated 
he had never seen any signs of tuberculosis following vaccination. Most 
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of Ms experiments were apparently field trials without the use of unvac- 
cinated controls. However, he states that in herds of swine badly in- 
fected with tuberculosis through the ingestion of milk from tuberculous 
cows, the systematic vaccination of all newborn pigs caused an arrest of 
the tuberculous infection while the older svune not vaccinated continued 
to die of tuberculosis, 

Jundell and Magnusson^'^ carried out an experiment with 24 pigs. 
Eight of them were vaccinated when 14 to 16 days old by injecting 10 mg 
BCG subcutaneously near the j)oint of the breast bone ; eight others 
when 6 to 9 days old were given 10 mg doses by mouth on three alternate 
days ; and eight were retained as controls. 

After two months the 16 vaccinated pigs and 6 of the controls were 
subjected to infection by feeding to each animal sweet milk mixed with 
50 cc of a thick puree obtained by grinding udder lesions of a tubercu- 
lous cow. It was estimated that each pig received about 2 billion tubercle 
bacilli. The 2 controls which were not fed this material were retained 
on the same premises. 

In 19 to 22 weeks the entire 24 swine were slaughtered and all found 
to be tuberculous except the 2 controls which had not eaten the tubercu- 
lous udder tissue. Meat inspectors condemned as unfit for food 3 of the 
controls, 4 of those vaccinated by mouth, and 4 of those vaccinated sub- 
cutaneously. The investigators stated that scarcely a perceptible dif- 
ference existed in the extent of tuberculosis between the control and the 
vaccinated animals and no indications of protection against tuberculosis 
in swine were attributable to the vaccine. However, their experiments 
on calves with BCG vaccine prepared in a similar way to that used on 
the pigs had exercised a preventive action against tuberculosis in 50 per 
cent of the calves. The pigs vaccinated subcutaneously developed an 
induration at the point of injection which was distinct at the end of the 
first month, but had comi)letely disappeared by the end of the second 
month. At the time of slaughter no lesions were visible at the inocula- 
tion points. From this they concluded since none of the 8 pigs vacci- 
nated subcutaneously had developed an abscess, that swine in general do 
not have so acute a local reaction toward BCG as do larger animals. 

Also according to Jundell and Magnusson an experiment by Jerlov^^'^ 
was made August 31, 1926, by injecting a 14-day-old pig subcutaneously 
with 50 mg BCG ; a pig of similar age served as a control. Six days after 
vaccination, tumefaction at the point of inoculation had disappeared, 
and no reaction was observed afterwards at this point. On September 23 
the tuberculin test by the intracutaneous method gave negative results 
in both animals, but on October 9 the vaccinated animal gave a manifest 



238 


Eilgardia 


[Vol. 7, No. 6 


reaction to tuberenlin, while the control was still negative. Beginning 
October 17 both animals were fed at six different times with fragments 
of lungs from a tuberculous cow. After a time they began to lose weight, 
especially the vaccinated pig. They were slaughtered at the age of six 
months, and both presented very advanced and generalized tubercu- 
losis. In the vaccinated animal the lesions had es])ecially a progressive 
character and the lymphatic glands were f \ised, while in the control they 
were in part calcified. Jerlov considered the infective doses were too 
massive, and did not therefore wish to draw conclusions. 

In laboratory experiments at Utrecht, de Blieck^"*^ found that the re- 
sistance of the calves was increased by BCG vaccination to a greater ex- 
tent than that of pigs, but he did not tliink tln^ vaccination gave a specific 
immunity. 


EXPERIMENTAL METHODS USED 

In the main, the experimental procedures with swine re])orted here- 
with followed clos(‘ly those carried oiit on cattle at the California 
station/'''’^ especially in relation to tlie technique of })reparing and ad- 
ministering the vaccine, forms of exposure to iufc'ction, and autopsy 
methods. 

Source of Pigs Used in the Experiments . — The animals used in the 
experiments were all secured from sources believed to be free from tu- 
berculosis, and in addition were tuberculin-tested l)y intradermic injec- 
tion into an ear of 5 per cent solution of precvipitated tuberculin in 
sterile distilled water. In most cases the swine were farrowed by tuber- 
culosis-fr*ee sows on non infected preniis(»s of the University cami)us at 
Davis and kept free from any contact with tuberculous animals from 
birth until the time of artificial infection. All were vaccinated against 
hog cholera with serum and virus at a])proximatel 3 ^ six weeks of age 
or at a time to allow them to be fully over the effects before ex|)Osure to 
tuberculosis. The pigs vaccinated with BCG were kept separated from 
those to be used as controls until exposure, when all were allowed to run 
together. 

Preparation of the Vaccine . — The original cultures of BCG used in 
the experiments were obtained by one of the writers (Traum) at the 
Pasteur Institute, Paris, on April 7, 1926. Care has been taken to grow 
and prepare the vaccine and test it for pathogenicity on guinea pigs in 
exactly the way prescribed in directions received from Calmette.^®^ 
The stock cultures have been maintained in Roux tubes on potato with 
5 per cent glycerine broth for a series of nine generations. The tenth 



Nov., 1932] Hayes-Earing-Traum: Vaccination of Swine with BCG 


239 


and eleventh generations have been propagated on 5 per cent glyceri- 
nated ox-bile i)otato and then replanted on potato in glycerine broth for 
nine generations. Old, fully-ripened potatoes are used, because it has 
been observed that media made from new potatoes give only a feeble 
growth of BCG. Sauton^s medium has been used for ])ropagating some 
of the vaccine serials. A separate incubator planting room and equiji- 
ment have been used exclusively for BCG culture and vaccine prepara- 
tion. The vaccine has been made from cultures not less than 19 days nor 
more than 26 days old. When ready for use, each cubic centimeter 
of vaccine contained 10 mg of BCG bacilli (w^eight after removal of 
excess moisture by blotting with filter paper), suspended in a sterile 
diluent consisting of 100 ])arts of distilled water, 1 part of chemically 
[)ure glucose, and 1 part of chemically pure glycerine, as prescribed by 
Calmette. 

Experinienial Groups . — Tlie objects of the investigations were to test 
the value of BCX* as an immunizing agent against tuberculosis in swine, 
the length of time after vaccination that protection, if any, developed, 
and to determine the best methods and ages for vaccination. There are, 
therefore, included in the records to be presented the following groups : 
(1) Fourteeii pigs that were subcutaneously vaccinated with 100 mg 
of B(Xt at ages varying from 3 days to 5 days and exposed to feeding 
infection at 27 or days after vaccination, and with an equal number 
of controls, were killed for examination at intervals varying from 90 to 
297 days after the first exposure (tables 2A and 2B). (2) Eight that 
were sul)cutaneously vaccinated with lOO mg of BCG at ages varying 
from 67) days to 171 days and ex})osed to feeding infection at 18 or 140 
days after vaccination, and with 4 controls, were killed for examination 
from 129 to 176 days after the first exposure (tables 3 A and 3B). 
(3) P^ive that were intramuscularly vaccinated with 100 mg of BCG, 
exposed 28 or 34 days thereafter to infection with milk from a cow’ with 
tuberculosis of the udder, and with 6 controls, were killed at 36 and 74 
days after the first milk feeding (table 4). (4) Six that were subcuta- 
neousl}^ vaccinated with 100 mg of BCG at 105 days of age, exposed to 
infection by intravenous injection of a virulent culture of l)ovine tuber- 
culosis 60 days thereafter, and with 5 controls, were killed from 237 to 
243 days after injection of the culture (table 5) . (5) Two that were vac- 
cinated intravenously with 1.0 mg of BCG at 93 days of age, exposed to 
feeding infection 62 days thereafter, and wdth 3 controls, were killed 165 
days after the first exposure (table 6). (6) P^our intradermally vacci- 
nated at the ages of 7, 8, and 93 days wdth 50 mg of BCG, exposed to 
feeding infection 60 or 62 days thereafter, and with an equal number of 
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controls, were killed from 165 to 200 days after first exposure (tables 7 
and 8) . (7) Six which were given three doses of BCG by mouth at the 
age of 7 and 8 days, exposed to feeding infection 60 days thereafter, and 
with 5 controls, were killed between 185 and 200 days after first ex- 
posure (table 9). 

Autox)sy Methods and Guinea Pig Injections. — All of the swine were 
slaughtered in small local slaughter establishments where ofiicial inspec- 
tion was maintained, with the exception of those that showed physical 
indications of tuberculosis. These were killed in the University labora- 
tories at Davis. In either case all of the organs and the principal body 
glands were carefullj" examined for lesions by slicing thin sections. 
When lesions were present some of those from the head, the thoracic and 
abdominal cavities, and occasionally from other areas, were removed 
without slicing for guinea pig inoculation. If no lesions could be seen 
the apparently normal tissues in these parts were used for guinea pig 
injections. The usual procedure was to inject guinea pigs with material 
from head, bronchial, gastrohepatic, and mesenteric glands, and from 
lungs, spleen, and liver, whether lesions were present or not. Before in- 
jection of any tissues removed from the organs, or from any lymph 
nodes, the tissues w^ere first immersed in boiling water from 10 to 12 
seconds and carefully and thinly sectioned with sterilized scissors for 
observation of any small lesions in the apparently healthy tissues. These 
sections w^ere ground in sterile mortars with physiological sodium chlor- 
ide solution, examined by smears for acid-fast bacteria and from 1.0 to 
2,0 cc injected intramuscularly into guinea pigs. The guinea pigs were 
usually killed between 60 and 90 days after inoculation. 


SUBCUTANEOUS VACCINATION AND INFECTION 
EXPOSURE BY FEEDING 

Method of Vaccination. — All of the swine in this group received 100 
mg of BCG vaccine suspended in 10 cc of diluent, the preparation of 
which has l)een previously described. The injections were made with an 
18-gauge hypodermic needle into the subcutaneous fascia of the flank. 
In all animals, except pig No. 9 (table 2A), 5 cc were injected in each 
flank ; No. 9 had the entire 10 cc (100 mg) introduced into the left flank. 

Character of Infectious Material and Method of Feeding. — The tis- 
sues fed were obtained from tuberculous cattle condemned at an abat- 
toir or from guinea pigs, rabbits, and hogs infected with bovine tubercu- 
losis, The character of the material, approximate quantity fed, and 
microscopic and guinea pig tests are outlined in table 1 . 
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TABLE 1 

SoiJBCES AND Amounts op Tuberculous Tissue Used to Inpect Swine by 

Feeding* 


Pig Nos. 
and 

number 

of 

feedings 

Dai-e i 
collected 

Description of material 

I 

Dates 

fed 

Dose 

Grams 

of 

tissuet 

for each pig i 

Estimated 

bacillij 

Guinea 

pig 

control 

resultl 

1~J4 
and 
101- 114 
(10 feed- 
ings) 

Aug. 12 
(1927) 

Aug. 18 

Aug. 26 

Sept. 7 

Tuberculous tissue from the lungs, coa- 
tal pleura, and lymph nodcis of 2 aged 
cows and a calf, 7 months old 

Composite sample of tuberculous tis- 
sues from an aged cow 

Tuberculous tissue from 2 rabbits and 2 
guinea pigs 

Lung of calf No. 101 which died of mil- 
I iary tuberculosis following intra- 
venous injection of virulent culture. . 

Aug. 13 
Aug. 15 
Aug. 17 

Aug. 19 
Aug. 22 
Aug. 23 

Aug. 28 
Wept. 2 

Sept. 9 
Sept. 10 

2 0 

2.0 

2 0 

2 0 

2 0 

2 0 

10 

10 

0 5 

0 5 

500.000 

600.000 
600.000 

Positive smears 
Positive smears 
Positive smears 

1.320.000 

1.650.000 

Positive smears 
Positive smears 

+ 

+ 

4- 

+ 

■f 

4- 

4- 

4- 

4- 

+ 


Aug. 12 

Tuberculous tissue from the lungs, cos- 






(1927) 

tal pleura and lymph nodes of 2 aged 

Aug. 13 

10 0 

500,000 

4 . 


1 

cows and a calf, 7 months old 

.Aug. 16 

10 0 

500,000 

4- 




Aug. 17 

2 0 

690,000 

4- 


Aug. 16 

Tuberculous tissue from the lungs, cos- 

Aug. 19 

2 0 

690,000 

4- 



! tal pleura and lymph nodes of an aged 

Aug. 22 

2 0 

690,000 

4- 



cow 

Aug. 23 

2 0 

690,000 

4- 

17-22 




i 



and 

Aug. 26 

T uberculous tissue from 2 rabbits and 2 





116-118 


guinea pigs 

Aug. 27 

2 0 

1,320,000 

4- 

(30 feed- 



1 

i 



ings) 

Sept. 1 

Tissues from lungs and lymph nodes of 







a range steer 

Sept. 2 

2.0 

850,000 1 

4- 


Sept. 7 

Lung of calf No. 101 which died of mil- 

Sept. 8 

0 5 

1,890,000 

4- 



iary tuberculosis 

Sept. 9 

0 5 

1.890,000 

4- 




Sept. 11 1 

2 0 

960,000 

4- 


Sept. 10 

Lymph node tissue, calf No. 101 

Sept. 12 

2 0 

960,000 

4 - 


* Other forms -of infection used are described under their respective headings in the text. 

t This represents the weight of tuberculous tissue after grinding but before straining through 
several thicknesses of cheese cloth. The actual amount of original tissue in each dose is less than 
one-third of this weight. 

t Made by suspending 10 or 20 grams of thoroughly ground tuberculous tissue in a measured 
quantity of physiological sodium chloride solution; then estimating according to the technique 
for the direct microscopic counting of bacteria in milk. The estimate was only comparative. The 
number of organisms consumed was probably far greater than indicated in this column, since the 
character of the tissue and the method of estimating did not lend themselves to more definite 
determination of the number of organisms. 

ti The inoculum for the guinea pigs was a portion of the ground and strained tuberculous 
materials suspended in milk as fed to the calves and the weight is given in terms of ground but 
unstrained material. 
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TABLE 1 — (Continued) 


Pig Nos. 
and 

number 

of 

feedings 

Date 

collected 

Description of material 

Dates 

fed 

Dose for each pig j 

Guinea 

pig 

control 

result^ 

Grams 

of 

tissuet 

Estimated 

bacillit 


Sept. 13 

Lung of cjalf No. 102, which died of mil- 

Sept. 14 

5 0 

1,950,000 

+ 


(1927) 

iary tuberculosis 

Sept. 


5.0 

1,950,000 

+ 




Sept. 18 

0 3 

2.000.000 

+ 


Sept. 13 

Lung and lymph nodes, calf No. 102, , 

Sept. 

19 

0 3 

2,000,000 



Sej)t . 23 

Tuberculous viscera from guinea pigs 








that had been inoculated with the 








feeding material used on .‘Vug. 13, as 

Sept. 24 

10 

2,040,000 


17-22 


shown in tins table 

Sept. 

28 

0 5 

1,020,000 

“f 

116-118 



Sept . 

29 

0 5 

5,860 000 


fSO feed- 



Sept. 

30 

0,5 

5,850,000 

+ 




Oct. 

1 

0 5 

5,850.000 

-h 

{Cant'd) 

Sept. 28 

Caseous mat erial from t uberculous le- 

Oct. 

2 

0 5 

5,850,000 




sions in the lung and lymph nodes of 

Oct. 

3 

0 5 

5,850,000 




an aged cow 

Oct. 

4 

0 5 

6,850,000 

-b 




Oct . 

5 

111 

12,980,000 





0(!t. 

6 

1 11 

12,980.000 





Oct. 

7 

1,11 

12,980,000 




i 

Oct. 

8 

1 11 

12,980,000 

+ 


Oct. 10 

Tul>erculous viscera of 14 guinea pigs 








ino(m]ate<l from feedings Sept, 2-8 

( )ct. 

11 

1 11 

12,980,(K)0 

-b 



shown in this tal)Ie 1 

Oct. 

12 

1 11 

12,980,000 

-b 


Sei)1 . 23 

Tuberculous viscera from guinea pigs 



i 




(1927) 

that had been inoculated with the 








feeding material used on .Aug. 13, as 

Sei)t. 

24 

10 

2,040,000 

-b- 



shown in this table 

Sept. 

28 

0,6 

i 1.020.fKM) 

_b 




Sept. 

29 

0 6 

6,850,0f)0 





Sept. 

30 

0.5 

5,850,000 

“b 




Oct . 

1 

0 5 

5,850,000 

-b 


So])t. 28 

Caseous material from tuberculous le- 

Oct. 

2 

0 5 

5,850,000 

-f 

15-16 


sions in the lung and lymph nodes of 

Oct. 

3 

05 

5,850,000 

+ 

and 


an aged cow 

Oct. 

4 

0 5 

5,850,000 

"b 

115 



Oct. 

5 

1 11 

12,980,000 

4- 

(20 feed- 



Oct. 

6 

111 

12,980,000 

+ 

ings) 



Oct. 

7 

1 11 

12,980,000 





Oct. 

8 

1.11 

12,980,000 

-1- 


Oct. 10 

Tuberculous viscera of 14 guinea pigs 








inoculated from feedings, Sept. 2-8 

Oct. 

11 

1.11 

12,980,000 




shown in this table 

Oct. 

12 

1 11 

12,980,000 

-b 


Oct. 13 

I’uborculous viscera of 8 guinea pigs 

Oct. 

14 

1,8 

45,000,000 

+ 



inoculated with bovine lesions 

Oct, 

15 

18 

45,000,000 

+ 


0<^t. 15 

Tuberculous viscera of 16 guinea pigs 








inoculated with feedings, Sept. 9-14, 

Oct. 

16 

4.8 

67,500.000 

-b 



shown in this table 

Oct. 

17 

4.8 

67.500,000 

+ 


Oct. 18 

Tubercvilous viscera of 21 guinea pigs 








inoculated with feedings Sept. 14-19, 








shown in this table 

Oct. 

19 

6.8 

73,100,000 

+ 


Oct. 19 

Viscera of 3 guinea pigs and a rabbit 








which had died of tuberculosis after 








injection with bovine lesions 

o<?t. 

20 

11 0 

3,500,000,000 

+ 
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table 1 — (Concluded) 


Pig Nos. 
and 

number 

of 

feedings 

Date 

collected 

Doscri])iion of material 

Dates 

fed 

Dose 

drains 

of 

tisHiief 

for each pig 

Estimated 

bacillit 

Guinea 

pig 

control 

result^ 


Aug. 24 

Tuberculous lymph nodes from a 






(1928) 

cow and a pig obtained from slaughter 



One acid-fast 




house 

Aug. 25 

13 2 

per 80 fields 

-f- 

34-35, 







38 39, 

Aug, 31 

Tul)orculous lymph nodes from several 





and 


dairy cows, killed at local slaughter 

Aug. 31 

16.0 

160,000 

4- 

134-139 


house 

Sept. 1 

16.0 

160,000 

■L 

(5 feed- 







ings) 

Sept. 4 

Lungs from a dairy cow^ killed at a local 







abattoir, extensive t uberculo.sis with 

Sept. 5 

43 0 

154,000,000 

+ 



much caseous material 

Sept. 6 

43 0 

154,000,000 

+ 


May 31 

Tuberculous lesions from control pigs 

June 1 

17 0 

Positive smears 

No data 

36-37, 

(1928) 

112 and 113, killed on May 31 , 1928 

J uue 2 

17 0 

Positive smears 

No data 

4(M5. 







and 

June 0 

Ltjsions from 5 tuberculous guinea i>igs 





140-144 


that had been injected with lesions 





(4 fe(?d- 


from vaccinated pigs 10 and 11, and 





ings) 


lesions from control pig 114 

J line 6 

7 4 

i’ositive smears 

+ 


.lunc 20 

Lesions from 4 tuberculous guinea pigs 







that had been injected with lesions 







from controls 110 and 111 

June 20 

4.8 

Posit I ve smears 

+ 


* Other forms of iiifection used are described under their resi)ective headings in the text, 
t This represents the weight of tuberculous tissiu* after grinding but before straining through 
S(‘veral thicknesses of cheese clotli. The actual amount (»f original tissue in eacli dose is less than 
one tliird of this weight. 

t Made by suspending 10 or 20 grams of thoroughly ground tuberculous tissue in a measured 
quantity of physiological sodium chloride solution; then estimating according to the technique 
for the direct microscopic counting of bacteria in milk. The estimate was only comparative. The 
number of organisms consumed was probably far greater than indicated in this column, since the 
character of the tissue and the method of estimating did not lend themselves to more definite, 
determination of the number of organisms. 

The inoculum for the guinea pigs was a portion of the ground and strained tuberculous 
materials suspended in milk as fed to the calves and the weight is given in terms of ground but 
unstrained material. 


The tuberculous tissues were ground in a lueat-grindin^ macliine, 
weiglied after grinding, mixed thoroughly with sufficient warm milk to 
allow for lOO cc to he fed to each pig, and strained tlirough a single layer 
of cheese cloth. In practically every case each pig was individually 
allow^ed to drink from a pan 100 cc of such mixtures at each feeding. 
The number of tubercle bacilli in the mixtures naturally varied from 
time to time. The periods of feeding also varied from daily to intervals 
of several days. The period of those receiving 10 feedings extended 
from August 13, 1927, to September 10, 1927 ; those receiving 20 feed- 
ings from September 24, 1927, to October 20, 1927 ; and those receiving 
30 feedings from August 13, 1927, to October 12, 1927. 
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For explanation of symbols see footnote of table 2A. 

“D” indicates that guinea pigs died prematurely. "0” indicates that no guinea pigs were injected. 
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(rt . 1 

S fcr S o 

O I 

+ 4* H — f" + 4* 4' 4" 

Acid- 

faat 

bacilli 

in 

smears t 

4- 4- i 4 + 1 

auoiHoiJoqx) j 

1 1 1 1 1 1 1 1 

JOAl'I j 

1 1111 1 1 

uooidc^ 1 

1 1 1 1 1 I i 1 

sSun-j 

X 1111 1 1 

! , 

1 .IIJ'RlIO.jOJJSnr) 

X 1 1 1 1 1 1 


X ./x-" 1 

1 .>uoiuos,*]\ 

X /V"' 1 

^niqouoajl 

X 1 1 1 1 


X /'X x/" 1 

Size of 
vaccination 
nodule 
in mm 

o 

CM 

c^. fr. e-. C-. j 1 C-. 

lO 

First 

exposure 

to 

autopsy 

c^j cr& CO CO c<D ^ 

(M CO 1" r'- CO i' 

Vaccina- 
tion to 
hrst 

exposure 

CO oo r~ CO oo oi o 

_ 1-t r- 05 M ^ 

Birth 

to 

vaccina- 

tion 

n-t 00 00 »o »o 05 oo 

t-- -iff «0 00 0 *o 

Number 

of 

feedings 

20 

20 

30 

30 

30 

30 

30 

30 


a» o CM 

T-i CM CM CM 


* For explanation of symbols see footnote of table 2A. 
t Does not include smears from vaccination lesions. 
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Discussion of the Results of Subcutaneous Vaccination and Feeding 
Exposure, — A general review of tables 2A and 2B, 3A and 3B will dis- 
close the fact that not a single pig was entirely without macroscopic 
lesions of tuberculosis upon autopsy regardless of age vaccinated, inter- 
val between vaccination and exposure, length of exposure, or length of 
time between exposure and autopsy. It is also evident from a study of 
the tables that there was no marked difference in the character and ex- 
tent of the lesions whether or not the pigs received 10, 20, or 30 feedings. 
Direct comparison of the lesions of vaccinated pigs 1 to 14 and controls 
101 to 114 in tables 2A and 2B, with reference to the interval between 
first exposure and autopsy, favors the vaccinated pigs slightly in the 
extent and distribution of the lesions. However, if no attention is given 
to the relation of this time interval the results show no differences in an 
ecpial number of vaccinated and controls. It should be noted that all 
swine represented in this table were of the same age and that the vacci- 
nated were treated at from 3 to 5 days of age and also protected from 
exposure from 27 to 93 days thereafter. This procedure fulfilled the 
recommendations of Calmette and Guerin^®^ regarding calves. Tables 
3A and 3B represent the results on swine that for the most part were 
much older when vaccinated and also the group that had a longer expos- 
ure period. No significant differences in the extent of tuberculosis could 
be detected between the vaccinated and the controls although the extent 
of lesions in the two groups was not as marked as in the younger pigs 
shown in tables 2A and 2B. Age may have been the factor that limited 
the amount of infection in this group, since each i)ig received two or 
three times the number of feedings of tuberculous material as did those 
in tables 2 A and 2B. 

The presence of a vaccination lesion at the site of injection of BCG 
at the time of, and throughout the exposure j)eriod, apparently had no 
^^premunizing”"' effect. Observations of the vaccination nodule in pigs 
Nos. 6-14 (table 2A) were made for the first 72 days, which was 21 days 
before exposure, and at that time the nodules in the flanks had slightly 
decreased in size from the maximum size, which occurred between 28 and 
42 days. Abscess formation with spontaneous evacuation occurred in 
only one flank of one pig. The maximum size of the vaccination lesions 
when measured with calipers through the skin of the flank was approxi- 
mately 2x4 cm. The character of the nodules was hard and nonsensi- 
tive. At autopsy, as showm in table 2A, the lesions had either disap- 

5 According to Calmette, the word “ premimition ^ ' was first proposed in 1924 by 
Sergent and Donatien to designate a condition of protective latent infection, such as 
exists in certain protozioan diseases, particularly bovine piroplasmosis. 
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peared or were reduced to a very small size. When incised, a thin con- 
nective tissue capsule enclosed a soft caseous pus of slightly greenish 
white color. Acid-fast organisms were always i)resent in the pus. 


INTRAMUSCULAR VACCINATION AND INFECTION EXPOS- 
URES BY FEEDING MILK FROM A TUBERCULOUS UDDER 

Swine shown in table 4 were fed milk from an aged tuberculous cow 
(No. 600) in which tuberculosis of the udder was present. At the time 
that the feeding tests began on February 5, 1928, the right hind and the 
left fore quarters were indurated and about twice normal size. The se- 
cretion from these quarters was a clear amber fluid, containing a small 
amount of gray flocculent material which settled quickly on standing. 
The left fore quarter showed about one acid-fast organism to every five 
fields. The other quarters were negative for acid-fast organisms by 
smears. This cow was destroyed on March 6, 1928, which was 4 days 
after the feeding period closed. Extensive tuberculosis of the lungs, the 
costal pleura, and the peritoneum, existed together with marked tuber- 
culosis of riglit hind and left fore quarters. Material from the latter 
quarter showed only two typical acid-fast organisms after 50 fields were 
examined and one clump of three acid-fasts upon examination of 26 
more fields. 

During the time that the pigs were being fed milk from cow No. 600 
she was being milked night and morning and at each milking gave from 
200 to 300 cc of apparently normal milk from the right front teat. From 
each of the other three teats it was possible to withdraw 20 to 50 cc of 
abnormal secretion. An occasional microscopic examination of the milk 
from each of the teats was made during the feeding period and acid-fast 
bacilli were always demonstrated microscopically in the secretion from 
the left fore quarter. They were never found in large numbers since it 
was always necessary to search several fields of a thick smear before any 
could be found. The entire secretion from the four teats was mixed with 
a 10 per cent solution of dry skim milk and fed in equal amounts, care 
being taken to observe that each animal drank the entire portion allotted 
to it without spilling. 

Discussion of Results of Intramuscular Vaccination and Infection 
Exposur^e by Milk from Tuberculous Udder. — Reference to table 4 
shows two groups of pigs, one of 4 and one of 7, in which very little 
tuberculosis was produced by the particular type of infection. The 
groups differ in that the first 4 pigs were just past seven months of age 
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when exposed and the two vaccinated had B'CG injected into the mus- 
cles of the forearm ; whereas the last seven were 38 days old when ex- 
posed and the three vaccinated had BCG injected into the muscles of the 
thigh. Neither controls nor vaccinated acquired tuherculosis in the first 
group, with the possible exception of No. 23 in which one lobe of the lung 
showed a 2 mm nodule that contained a few acid-fast bacilli but which 
did not infect guinea pigs. Since the second grouj) all showed sliglit 
macroscopic lesions (with the excejdion of ])ig No. 27, whose apparently 
normal cervical and mesenteric glands, however, produced lesions in 
one guinea pig), it is to be concluded that (1) infection from the udder 
was not massive and (2) group one showed greater resistance because 
of age. It may be further stated that tlie pigs in the first grouj) were 
litter mates, and those in grouj) two were litter mates, but the grouj)S 
came from different sources. 


SUBCUTANEOUS VACCTNATTON AND INPKCTTON 
BY INTRAVENOUS INJECTION OF 
VIRULENT CULTURE 

In this group are inclnded 6 vaccinated and 5 controls, all of wliich 
were 3^4 months old at the beginning of the experiment. Two were given 
100 mg of BCG, two, 250 mg, and two, 500 mg, subeutamnusly in the 
flank. Nos. 20 and 33 (table 5), which received 500 mg, were vaccinated 
by injecting 250 mg into each flank. Sixty days after vaccination the 
^^accinated and the controls were injected intravenously through an ear 
vein with 2 mg of l)ovine tuberculosis culture 271, which had grown 
upon Duval’s medium for 28 days. The liistory of this culture is as 
follows: On Sej)teraber I, 1926, guinea ])ig 132 was injected intramus- 
cularly with liquid obtained by grinding together tuberculous lesions 
from 17 cows killed at an abattoir. Guinea ])ig 132 died of generalized 
tuberculosis on Sej)tember 19, 1926, and a portion of its spleen was in- 
oculated into guinea j)ig No. 210, which died of generalized tuberculosis 
on November 5, 1926. The sj)leen of No. 210 was inoculated into guinea 
j)ig No, 271, which died of generalized tuberculosis on December 22, 
1926. Cultures of tubercle bacilli were obtained from the tissues. These 
])roved to be highly virulent for guinea j)igs, rabbits, cattle, and swine. 

Dumssion of Results of Suhcutaneous Vaccination and Intravenous 
Infection. — Observation of table 5 does not show marked differences in 
the extent and distribution of tuberculous lesions between vaccinated 
and control swine though there is some evidence in favor of the vacci- 
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nated. However, there was a marked difference in the clinical effect 
upon the two groups. All of the vaccinated were in excellent physical 
condition when autopsied, whereas 4 of the 5 controls were necessarily 
killed or had died from emaciation and advanced tuberculosis, in 201) 
days. On the basis of reported results of experiments by the writers, and 
by Calmette and Guerin, with calves vaccinated and infected by these 
methods, greater protection than was obtained was expected in this 
experiment. The larger doses of BCG did not influence the results. It 
is evident also that the bovine tuberculosis culture injected intrave- 
nously was not as virulent for pigs as for calves. In a previous experi- 
ment with 2 control calves, both died at 27 and 32 days respectively, of 
miliary tuberculosis, while the first control hog died at 133 days. None 
of the swine in this group would have been passed for food under official 
inspection. 

INTRAVENOUS VACCUNATION AND INFECTION EXPOSURE 

BY FEEDING 

Only 2 vaccinated and 3 controls are reported in this trial. Two other 
vaccinated and 1 control became sick from an intereurrent disease and 
their records are not included. Five infecting feedings were given to 
this group over a period of 12 days, yet these were sufficient to establish 
moderate lesions in pigs over five months of age when exposed. One mg 
of BCG was administered intravenously into an ear vein, and 62 days 
thereafter the first exposure took place. 

DisciLssion of the Results of Intravenous Vaccination and Feeding 
Infection. — The 2 vaccinated and the 2 controls of the same age, ex- 
posed and killed at exactly the same periods, and the 1 control killed 
only six days later, sliowed no differences upon which any conclusion as 
to the effects of this method of vaccination can be drawn, except that no 
resistance against the infection was evident; in fact vaccinated pig 
No. 35 had slightly more extensive lesions than any of the controls. 
Massive infecting doses over a short period of time were used in this 
group. 

INTRADERMAL VACCINATION AND INFECTION EXPOSURE 
BY FEEDING TUBERCULOUS TISSUES 

Two separate groups with 2 vaccinated hogs in each, were included in 
this experiment (tables 7 and 8). The 2 vaccinated pigs shown in table 
7 received 50 mg of BCG in two doses of 25 mg each, 3 days apart. Those 
in table 8 received the same amount in one dose distributed in three 
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different areas. In each case the 50 mg of vaccine was prepared in 5 cc 
of diluent for injection. The intradermal injections were made along 
the ventral surface of the abdomen. Exposure of those recorded in table 
7 was by means of the ground lessions (prei)ared as previously de- 
scribed) from control tul)ereulous hogs, Nos. 112, 113, and 114, and from 
guinea |)igs previously injected wiMi swine lesions. The material for 
each of the four feedings showed acid-fast 1)acilli in smears, and guinea 
])igs injected had generalized tuberculosis wlien killed. Exposure of 
those in table 8 was entirelj^ from bovine ](»sions o])taiiied at a slaughter 
liouse, but was not the same as used in some of the other ex|)eriments 
with feeding exposure. 

Discussion of Results of Intradermal V accination atul Feeding Ex- 
posure . — The results sliown in table 7 are difficult to explain except on 
the basis that the infecting matei-ial was not very virulent. This is indi- 
cated by the fact that the 2 vaccinated intradermally, and 4 of the 5 con- 
trols, showed no macroscopic lesions; and guinea ])igs injected with 
apparently normal tissues did not develop tuberculosis, except in the 
case of vaccinated No. 37 whose gastrohepatic lymph nodes j)roduced 
tuberculosis in two guinea [)igs. Tissues from head glands, bronchial 
lympli glands, and lungs failed to infect guinea ])igs. Conti-adicting the 
sup])osition of nonviruleru'e are the animals exposed to the same mate- 
rial, as sliown in table 9 : control 140 whi(*h developed extensive tubercu- 
losis, and vaccinated i)igs 40, 41, 42, 43, and 45 which had mild lesions. 
The results shown in table 8 are not significant, thougli the 3 controls liad 
a slightly wider distribution of lesions than did the 2 vaccinat(Kl ones. 


ORAL VACCINATION AND INFECTION EXPOSURE BY 
FEEDING TUBERCULOUS TISSUES 

In this exi)eriment (see talde 9) six [)igs received BCG by the mouth. 
Three were given a total of 3 grams (weight after lilotting with filter 
paper) by administering 1 gram every other day for three feedings. 
The other 3 were given twice tliis amount at the same periods. The vac- 
cine was prepared so that each 5 cc. of diluent contained 1 gram. This 
was then deposited on the fauces by means of a syringe. The first ex- 
posure of the 6 treated and the five controls took iilace 60 days after 
oral vaccination. All of the pigs were 7 to 8 days of age when the ex- 
})eriment started. The infecting material was the same as that iLsed on 
pigs in table 7 and as has been stated under discussion of the latter 
group apparently was not very virulent for the swine. 
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Discussion of Results of Oral Vaccination and Feeding Exposure . — 
An interpretation of the data from this experiment is not i)ossible in the 
light of results on pigs, shown in table 9, whicli received the same ex- 
posure. All the pigs in both groups were from the same source and of 
the same age, yet 4 out of 5 controls showed no lesions, and only 2 out of 
8 that were vaccinated were entirely free of tuberculous changes. If 
the same princiy)les of inter])retation that have* been a|)plied to the pre- 
ceding tables of results are applied to the records in tal)le 9 they would 
suggest a slightly increased susceptibility following the oral adminis- 
tration of B(XJ. 

OBSERVATIONS OF THE EFFECT OF BCG ON SWINE NOT 
EXPOSED TO TUBERCTJLOUS INFECTION 

As an additional control on the efl'ects of the vaccine some of the swine 
treated in various ways with BCG were retained in an environment kept 
as free as possible from virulent tubercle bacilli. Following is a list of 
tiiese trials : 

1. Fifteen swine at various ages from 1 day to 6 montlis were vac- 
cinated sulxMitaneously or intramuscularly with lOO-mg doses and held 
for vai’ying lengths of time from 40 days to 14 months after which they 
were slauglitered and examined for tuberculous lesions. Small abscesses 
containing acid-fast bacilli non])athogenic for guinea j)igs were present 
at tlie j)oint of injection in most of tlie swine, but no other evidence of 
tul)erculosis was found. In addition, a l)oar agc'd six months was in- 
jected subcutaneously and intramuscularly with 80 ce of a suspension 
containing 800 mg of BCG. The injections were made in small amoimts 
in various ])arts of the body. On slaught(‘r after months no lesions 
resembling tuberculosis could be found nor any trace of local lesions at 
the points of injection. 

2. Two pigs, one aged 8 weeks and one aged 7 months, were each fed 
7 grams of BCG in milk. On slaughter 6 montlis later no lesions re- 
sembling tuberculosis were found. 

3. Eight jiigs, aged 6 months, were each injected intravenously with 
100 mg BCG suspended in physiological sodium chloride solution. They 
remained healthy in appearance. Thirty days after injection, 2 were 
slaughtered and their tissiuss were aj^parently normal throughout ex- 
cept that on histological examination the lungs were seen to be studded 
with lesions attributable to BCG which had lodged in the indmonary 
capillaries. Four more were slaughtered 43 days after injection. On 
macroscopic inspection these were also apparently free from tubercu- 
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lous lesions but on close scrutiny the lungs were seen to be studded 
throughout with glass-like nodules, pin point to 0.5 mm in size. A histo- 
logical study showed these to be minute tubercles containing acid-fast 
bacilli. 

The two other swine were retained for nine months and on slaughter 
no lesions resembling tuberculosis were found. A close macroscopic 
scrutiny of the lungs showed nothing abnormal. A histological exami- 
nation was not made. 

In order to test the possibility of producing clinical symptoms by a 
massive intravenous injection, a gilt aged three months was given by 
the ear vein 50 ce of physiological sodium chloride solution in which 
500 mg of BCG were suspended. The day after the injection, partial 
paralysis of the rear limbs developed, from which the animal slowly re- 
covered although it was still slightly lame on slaughter 13 weeks after 
the BCG was injected. At autopsy all tissues were seen to be apparently 
normal except the lungs which were studded with white nodules up to 
0.5 mm in size. A histological study showed these to be necrotic foci con- 
taining acid-fast bacilli and surrounded by a wall of epithelioid cells. 
Guinea pigs inoculated with lung and lymphatic tissue of this gilt re- 
mained normal. 

The dates on which these trials were made ranged from May, 1926, to 
September, 1931. The cultures used ranged from the second to the 
seventieth transplant made following its receipt from Calmette. During 
this time 328 head of cattle, 356 guinea pigs, and 15 rabbits, as well as 
the 85 swine mentioned in this paper, were vaccinated. No indication of 
change in virulence or morphology has been observed in the cultures 
during these five years. The culture is relatively nonpathogenic for 
swine. It is capable of causing small lesions at the point of inoculation 
which soon become surrounded by firm white fibrous connective tissue 
and are eventually reduced in size or completely disappear. 


CONCLUSIONS 

One injection of Calinette-Guerin culture (BCG) by subcutaneous, 
intramuscular, intradermal, or intravenous routes, or three treatments 
by mouth, failed to give swine sufficient protection against feeding and 
intravenous infection to prevent generalized tuberculosis. 

Slight resistance as compared to the controls was shown by certain 
groups vaccinated subcutaneously and infected by feeding. 

Those vaccinated subcutaneously showed slightly greater resistance 
against intravenous infection than against feeding exposure, as meas- 
ured by clinical evidence. 
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Those vaccinated by mouth showed a slightly greater susceptibility to 
feeding infection than the control to feeding infection. 

Swine over six months of age api)arently had more natural resistance 
to feeding exposure than younger i)igs. 

No important differences were noted in the extent of tuberculosis pro- 
duced from 4, 5, 10, 20, and 30 feeding exposures. 

The BCG culture used was capable of producing small lesions in swine 
which eventually healed, at tlie points wdiere the bacilli lodged after 
injection. No spread from these primary lesions was observ(Hl. 
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DETERRENT EFFECT OF ARTIFICIAL LIGHT 
ON THE CODLING MOTH^’ ^ 

W. B, HERMS8 


The results of a codling-moth light experiment conducted during 
the summer of 1928 showed that the percentage of worminess in apples 
from trees in an artificially lighted area was less than that of apples 
from trees in an unlighted area : it was, therefore, concluded that light 
has a tendency to deter the codling moth in its egg-laying habits/ When 
fruit of the same variety was compared at the end of the test, it was 
found that 21.0 per cent of the apples on check trees outside the test plot 
were moth attacked, while only 14.5 per cent of tlie apples inside the 
test plot were so affected. 


CONDITIONS OP THE EXPERIMENT 

For the purpose of that experiment, six 500-watt lamps were used 
during tlie evening hours from about an hour before sunset to about an 
hour after sunset, an illumination time of about 2 hours, during the 
period from May 1 to June 30. The peak of the codling-moth flight occurs 
from about 20 minutes before sunset to about 20 minutes after, hence 
the hours chosen for artificial illumination. A block of 15 trees was used. 

1 Received for publication .Tuly 2, 1932. 

2 Tliis article is a contribution of tbe Division of Entomology and Parasitology, 
and tlie California Committee on the Relation of Electricity to Agriculture. It is 
the eighth of a series planned to report the results of investigations conducted 
jointly by the Agricultural Experiment Station, College of Agriculture, and the 
California Committee on the Relation of Electricity to Agriculture. The Committee 
represents the agricultural and electrical industries in California that are working 
together, in cooperation with similar committees in other states, for the purpose of 
making available reliable information concerning the use of electricity on the farm. 

3 Professor of Parasitology and Entomologist in the Experiment Station. . 

< Herms, W. B. A field test of the effect of artificial light on the behavior of the 
codling moth, Carpocapsa pomonella (Linn.). Jour. Econ. Ent. 22(1) : 78-88. 1929. 




Fig. 1. Location of lights; light-intensity stations (I-X in circles) ; thermograph stations (A, B, C) ; and bait- 
pan stations (I-X) in the orchard. The relative sizes of tr^es are indicated bv the sizes of the circles. A kev to the 
varieties of trees is given on the map; s. indicates sprayeJ trees, and n.s. nonsprayed trees. 
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For the 1929 test the same plot of trees was used (fig. 1), l)ut the 
number of 500-watt lamps was increased to eighteen and the period of 
illumination extended through the entire season, namely, from April 24 
to October 24. During this entire time the lights were on every evening 
from 2 to 4 hours. All apples, including thinnings and windfalls, were 
examined for worminess. A total of 217,975 apples were examined from 
51 trees, selected to permit comparison of fruit from illuminated and 
iionilluminated trees, and from sprayed and unsj)rayed trees. 

The lamps (Mazda, 500-w'att) were suspended over the tops of the 
trees from wires strung between poles as shown in figure 2. Twelve-inch 
white porcelain reflectors were used. The position of the lamps with 
reference to the tree tops depended, of course, upon the size of the trees. 



Fig. 2. Arrangi^ineiit of liglits susp(?nded ov(‘r the trees. 


The light-intensity readings were taken ])y means of a Macdleth ilium i- 
norneter. The automatic switch used for controlling the lights was a two- 
pole, 115/230-volt Sauter time switch furnished with astronomic dial. 

Ten stations were selected for light-intensity readings as shown in 
figure 1. Both temperature and humidity records were kept, as well as 
records on sunset time, weather conditions, and observed moth flights. 
Daily reports showing the above data were made in duplicate, and from 
this material a consolidated table w^as prepared. This consolidated table 
with supporting data is on deposit in the ofllce of the California Agri- 
cultural Experiment Station at Berkeley, where it may be consulted by 
those interested. For the purpose of this report only an extract from the 
general table is here included to show characteristic data. ( See table 1 . ) 



TABLE 1 — Cmmatic Data, ijaiiT-lNTEKSiTY Readings and Bait-Pan Catchei DtraiNO the Two Peak. Flights of the Codling Moth ; Sebastopol, (Ulifornia, 192 




("I iMATit T3ATA, Light Intensity Readings and Bait Pan Catches BHWNf- Two Peak Pijghts of the Codding Moth; Sebastopol, California, 1929 — (ConeJtided) 
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OBSERVATTONS ON EGG-LAYING HABITS 

All artificial light intensity sufficient to deter the moths from egg- 
laying had been hoped for but this M^as achieved only to a limited extent. 
With the trees flooded with light every evening for the entire season it 
was i)ossil)le to make many interesting supplementary observations 
relativx‘ to the lialhts of the codling moth, such as actual egg deposition, 
mating, iliglit, etc. TIkvsc supplementary observations are recorded in 
a paper by Borden.® 

A few of these observations are, however, pertinent to this report. 
Tlius the records show that the flight of the motlis ma}^ extend over a 
period of ajiproxiniately 2 hours when weather conditions are favorable, 
and that the maximum number in flight is usually to be found from 
about 20 minutes before sunset to about 20 minutes after. Tlie deposi- 
tion of eggs took ])Jace mainly during this sunset j>eriod at temperatures 
ranging from 60 ' to 69° P, and when tliere is almost no movement of 
the air. Actual egg deposition was observed, and light measurements 
and other weather observations were made at the time; among these 
observations are those gi^xn in table 2. 


TABLE 2 


Codling Moth Egg Depositions Observed Under Known Light, Temperature, 
AND Humidity Conditions 


Date 

Conditions when egg was laid 

Time of 
sunset 

Time 

Temperature 

Light 

intensity 

Humidity 

i9i*j 

P.M. 


foot-candles 

-per cent 

P.M. 

April 28 

5:45 

66 

1,298 0 

94 

6:51 

May 2 

7:45 

67 

12,0 

71 

6:55 

August 13 

7:45 

65 

17 0 

70 

7:01 

August 18 

7:07 

65 

10 0 

72 

6:52 

August 18 

7:15 

64 

5.8 

75 

6:52 

August 22 

6:42 

69 

11 0 

68 

6:46 

August 25 

6:18 

65 

40.2 

75 

6:40 

September 10 

7:15 

64 

3,3 

72 

6:18 


That the codling moth may lay its eggs even under very high light 
intensities is borne out by the A])ril 28 observation, when an egg was 
laid during a light intensity of 1,298 foot-candles. Moths wxre first 
observed in the orchard A])ril 24. 


c Borden, A. D. Some field observations on codling moth behavior. Jour. Econ. 
Ent. 24(6) : 1137-1145. 1929. 
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It is a well-known fact that varieties of apples show a variation in 
suseeptibility to codling-moth attack. This is borne out by the ob- 
servations recorded in table 3 ; the worminess in the iinsprayed, non- 
illuminated trees of the Ren Davis variety, for example, was 90.9 per 
cent, whereas in those of the Yellow Newtown variety it was 55.9 
per cent. 

TABLE 3 

Varietal SirscEPTirMUTy of Apples to Codling-Moth Attack Unde:r 
Illuminated and Nonilluminated Conditions 



Not sprayed 

Sprayed 

Variety 

Fully 

illiiininated 

1 

1 Partially 

illuminated 

Not 

illuminated 

Not 

illuminated 


Per cent 
Wormy 

Tree 

Nos. 

j Per cent 

1 wormy 

Tree 

Nos. 

Per cent 
w(»rmy 

Tree 

Nos. 

Per cent 
worrnv l 

Tree 

Nos. 

Ben Davis 

80 9 

2, 7, 9 

93.6 

1, 5, 20 

90.9 

23 

5 4 

57, 58 

Yellow Ncwtow'ii , 

47.2 

4 

59 5 

21,47 

55 9 

25 

9.1 

44, 46, 48, 
49, 56 

Skinner Pippin 

44 1 

8, 13,14 

60 0 

6, 11, 30, 

89.1 

31,32.33, 

17.0 

41,43 





40 


34,35 



Hoover 

35 3 

3 

56 2 

16, 18 
10,15,17 

67.9 

24 

3 8 

55 

Baldwin 

58 3 



4,2 

50,51,54 







The data shown in table 3 also support tlie assumption tliat artificial 
illumination as a deterrent had mucli the same efl'ect on the codling 
moth with each of tlie several varieties of apples. 



TABLE 4 

Pebcentage of Wormy Apples from All Trees Used in Light Experiment 
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Total 

Per cent 
wormy 

S38SSSSSISS;gS2 22 


*0 

JO'S, 

B a 

d <» 

5,680 

1,516 

2,345 

1.409 

1.504 

416 

5,514 

2,639 

9,084 

12,359 

5,827 

1.930 

1,587 

1.931 

1,287 

5,755 

5,635 

8.274 
11,059 

6,251 

1,687 

5,427 

6,317 

3,373 

3,850 

4,783 

3.274 

217,975 

Picked 

Per cent 
\%ormy 

62 

85 

87 

87 

84 

81 

51 

56 

47 

51 

55 

15 

19 

13 

15 

61 

11 

6 

4 

7 

9 

4 

1 2 

5 

6 

3 

8 


Number of 
apples 

3,257 

855 

1,369 

761 

885 

241 

3.237 
1,527 
4,926 
7,659 
3,628 
1,420 

1,177 

1,199 

853 

3,080 

3,882 

5,507 

8.413 

4,253 

1,132 

3.134 
3,828 

2.237 

2.718 

3.718 

3.135 

138,102 

Thinned 

Per cent 
wormy 

16 

19 

8 

10 

19 

21 

21 

8 

4 

3 

5 

9 

1 32 

1 2 

2 

3 

4 

2 

15 

0 40 

0 01 

2 


t Number of 
apples 

879 

37 

25 

1,011 

512 

2,742 

2,688 

923 

109 

189 

588 

300 

1,600 

1,213 

2,502 

1,896 

1,726 

512 

1 999 

2 152 

945 

971 

46,577 

Windfalls 

d >» 

g S 
^ 0 
f£ ^ 

— OOr'.QOSOSNOO — eDOOO'^W I 

o»c»wo»Oi>c5so>o>o>CRooe^ eo«5 e^ricft "hco 


Number of 
apples 

1,544 

624 

951 

648 

619 

' 175 

1,266 

600 

1,416 

2 012 

1 276 i 

401 

1 1 

221 ! 

144 

134 

1,075 

540 

265 

750 

272 

43 

294 

337 

191 

161 

1,065 

139 

1 

33.296 i 

d 

0 

1 

§ 

d 

r=) 

1 

vo a>Sa>a)a)a>a)a>va>a>a)0> 
tidSdddddaata dd a-cccddnddddcc 

soooooooooSo oo oSooooooooooo 

0^ z Z :!!!, z Z ^ ZZ, Zt^ZZZ ZZZZZZZ Z 


Variety of apple 

Skinner Pippin. 

Skinner Pippin 

Skinner Pippin 

Skinner Pippin 

Skinner Pippin 

Skinner Pippin 

Skinner Pippin 

Skinner Pippin 

Yellow Newtown 

Baldwin 

Skinner Pippin j 

Skinner Pippin. 

Grindstone* 

Skinner Pippin 

Yellow Newtown 

Yellow Newtown* 

Yellow Newtown 

Yellow Newtown 

Yellow Newrtown 
\ ellow Newtown 

Baldwin 

Baldwin 

Hoover 

Baldwin 

Baldwin 

Hoover 

Yellow Newtown 

Ben Da via 

Ben Davis 

Total 

Tree No 

1 



Counts not made because of small sise of trees t Not sprajed t Sprajed 
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RELATION BETWEEN PERCENTAGE OP WORMINESS 
AND INTENSITY OF LIGHT 

Table 4 sliows tlie pereenta^e of wormiiiess in all apples from all trees 
inelnded in tliis experiment. Se^re^atiiiji? the trees accordinj^ to position 
in relation to lights, the percentagres given in table 5 may be obtained. 
(See figure 1 for loeation of trees in the orchard.) 

TABLE 5 

Trees Groupeo AeeoRDiNG to Position in Relation to Light, 

Showing Percentages of Worminess 


Sirraying 

Illuniinatioii 

Number 
of trees 

Tree Nos. 

WorminesB 

Unsprayed 

Total 

8 

2, 3,4, 7, 8, 9, 13, 14 

per rent 
49.7 

Unsprayed 

Dimly (closely bordering lighted area) 

14 

1, 5, 6, 10, 11, 15, 16, 17, 

60 2 

Unpsrayed 

Nonillinninated 

8 

18,20,21,30.40,47 

23, 24, 25, 31, 32, 33, 34,. 35 
41, 43, 44, 46, 48, 49, 50, 
51,52, 53,54,55,56,57, 
58 

71.3 

Sprayed * 

Non illuminated 

15 

7 4 




* The treefi reoeived a calyx spray of 3 pounds acid lead arsenate plus 8 pounds of sulfur to niakfi 100 
gallons, and two cover sprays of 3 pounds acid lead arsenate plus 6 pounds of sulfur to make 100 gallons. 


Out of the total of 08 trees included in the ex])eriment 45 are ac- 
counted for in the iiereentages given in the table. Tlie following are 
thrown out of eonsideration for various reasons: Nos. 12, 19, 22, and 45 
because of small size; No. 26, a Red Astrachan, No. 27, a Gravenstein, 
and No. 42, a Grindstone, which are represented in one group only ; also 
Nos. 28, 29, .'16, 37, 38, and 39, all nnsprayed and not illnminated, which 
were located in a distinct swale and hence not ecologically comparable 
with any otlier yiart of the general iilot nnder observation. The per- 
centage of wormiiiess of these thirteen trees was 45.6 jier cent. 

The highest average artificial light intensity maintained night after 
night throughont the season at any of the stations was at station No. 6, 
which was about 3 feet distant from the overhead source of light and 
averaged about 20 foot-candles. The station was about 9 feet above the 
ground and within 6 to 7 feet below the tops of the adjacent trees in a 
location favorable for codling-moth activity. In spite of this intensity 
trees 8 and 13, the two most affected by it, showed 53.4 yier cent and 38 
per cent worminess respectively, or an average of 45.2 per cent, whicli 
is close to the average of the illuminated group (49.7 per cent). Trees 
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52 and 53 were adjacent to the light area but were sprayed, giving a 
percentage of worminess of 11.6. 

Using the same variety of apple (viz. Skinner Pippin) and proceed- 
ing from a point of high artificial illumination, the following percent- 
ages of worminess are of interest; trees Nos. 8, 13, and 14 (all illumi- 



nated) showed 44.1 per cent wurminess; Nos. 40 and 30, both in dim 
light, showed 54.7 and 63.0 per cent respectively; thence away from the 
light, tree No. 31 showed 88.2 per cent; No. 32, 89.8 per cent; No. 33, 
90.9 per cent; No. 34, 88.1 per cent; No. 35, 85.3 per cent. All other 
factors being equal, one may conclude that differences in light intensity 
are responsible for this variation in worminess. (See fig. 4.) The aver- 
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age percentage of worminess of unsprayed trees not subjected to arti- 
ficial light and in locations far removed from the test plot was estimated 
at between 85 and 90 per cent, which corresponds very closely to the 
percentage of worminess for the trees farthest from the source of light, 
namely Nos. 01, 32, 33, 34, and 35, which show 89.1 per cent worminess. 

The curve (fig. 4) showing the percentage of worminess for Skinner 
Pippins alone is the result of plotting worminess against the reciprocal 
of the square of the distance from the center of the lighted area. The 
average distance of the illuminated trees (Nos. 8, 13, and 14) from the 



Fig. 4. Relation of the percentage of worminess for Skinner Pippin ajiples and 
distance from tlie source of artificial light. The numbers on the curve represent tree 
numbers. The curve is the result of plotting worminess against the reciprocal of the 
8(|uare of the distance from the center of the lighted area. 

several sources of light in the test plot was estimated at 8 feet, and the 
other distances are taken from the center of this lighted area. The 
location of the trees is shown in figure 3. 

The intensity of the light is inversely proportional to the square 
of the distance from tlie source of light, and figure 4 shows the curve 
obtained when worminess is plotted against the term 1/D% which is 
closely proportional to the light intensity at every point. This method 
of measurement is used because of the lack of light stations at the loca- 
tions of the several trees used for worminess counts. The light-measur- 
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ing surfaces were held in a horizontal position, therefore such measure- 
ments as were actually made did not represent the horizontal variations. 

It may be seen that over a very wide range of light intensity as in- 
dicated by values of 1/D^ from 30 x 10 to 1,560 x 10'^’ the percentage 
of worminess is practically constant, and it is not until the function of 
1/D^ falls below 30 x lO''^ that worminess increases abruptly. In spite of 
the fact that the term l/I)^ for a point source of illumination is used 
as a theoretical basis, the use of the possibly more acceptable term 1/D 
for a line source does not alter the conclusions, for the curve, while 
flatter, indicates the same effect of light. 

The object of the experiments, of course, was to produce light con- 
ditions artificially in the orchard that would deter the female codling 
moth in the deposition of her eggs, with tlie assumption that eggs are 
laid principally when the light intensity is relatively low and when 
the weather is favorable. That there is an optimum light condition 
during which codling-moth activity takes place seems to be the case, 
and in the 1928 experiments the highest percentage of moth-attacked 
apples occurred in that portion of the orchard where the light intensity 
by artificial illumination remained for the evening at from 0.3 to 0.4 
foot-candles, i.e., tlie intensity of natural light about 20 minutes after 
sunset. To increase that intensity materially and maintain it through- 
out the daily flight period of the moth would seem to be a fairly easy 
thing to do, but unfortunately the range of nondeterrent intensity is 
unquestionably much higher, as shown by the more extensive observa- 
tions during the season of 1929. 

An examination of data included in the consol idat(‘d table shows that 
the natural light intensity (station No. 2) for the period of maximum 
egg deposition ranges from between 72 and 90 foot-candles 20 minutes 
before sunset, to between 0.3 and 0.5 foot-candles 20 minutes after sun- 
set, indicating a general range of favorable light intensity of from 0.3 
foot-candles to 90 foot-candles during which the codling moth will 
deposit eggs freely. At sunset there is a natural light intensity averag- 
ing 30 foot-candles and ranging from 27 to 52. 

Contrasting station No. 2, located outside the artificially illuminated 
plot, with station No. 6 inside the lighted area, the readings taken at the 
latter, 20 minutes before sunset show a range of from 92 to 112 foot- 
candles, and for 20 minutes after, the intensity is from about 11 to 16 
foot-candles. At sunset this station shows an average light intensity 
of 51 foot-candles, ranging from 47 to 54. The variation in light inten- 
sity at station No. 2 as compared with station No. 6 is explained by the 
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fact that the former (No. 2) was situated in a distinct swale, as already 
explained, so that the sunset hour for that station was advanced. 

In spite of the fact that the light intensity in the test plot M^as in- 
creased during the second season, the relative reduction in the per- 
centage of worminess was not greatly altered in view of the fact that 
there was a very much increased percentage of worminess in general. 
There was a 31 per cent reduction in worminess in the light area for 
]928^‘ (illuminated 14.5 per cent wormy; nonilluminated 21 per cent), 
and a reduction of 30 per cent for 1929 (illuminated 49.7 per cent 
wormy; and nonilluminated 71.3 per cent). Any efficiency that in- 
creased light intensity might have had in the control of the codling 
moth under normal conditions would no doubt have suffered during a 
year of unusual moth abundance such as 1929; i.e., 71.3 i)er cent 
worrniness as compared with 21 per cent in 1928. That 1929 was an 
unusually lieavy codling-moth season is shown by the bait-pan catches. 
The total number of moths taken from April 30 to July 1, 1928, was 
912, while with a similar number of pans similarly locatcnl tlie total 
number of moths taken for the same i)eriod during 1929 was 1,845. The 
total number of motlis taken for the entire season April 26 to Sei)t('ml)er 
27 was 2,621. It is of interest to know that the average number of moths 
taken per tree was larger in the area away from the light, viz., inside the 
artificially lighted area the average per tree was 244 (pans Nos. 1 and 
2), and outside it was 286 per tree (pans Nos. 4, 5, 6, 7, 8, 9, 10). 

A field test such as tliis revcuds many (piestions which can be satis- 
factorily answered only by further testing in the laboratory. Since the 
codling moth resj)onds positively to light under laboratory conditions, 
there remains to be determined the exact range of favorable intensity, 
together wutli a more exact determination of the factors \^^hich inhibit 
flight and oviposition. It should be pointed out that since normal 
maximum egg-laying activity coincides with the rapid decrease of 
intensity, and inhibition under the conditions of this test appears to be 
correlated with the maintenance of a constant intensity, i.e., artificial 
light, the possibility of a change of intensity as in nature as a stimulus 
to flight and oviposition might be suggested. Since there is some evi- 
dence of an occasional sunrise flight this question is further emphasized. 
Sunrise flights may be rare only because of adverse temi)erature condi- 
tions at that time. 

There are also many questions relating to the quality of the light, 
particularly to the intensity of a specific region of the spectrum. The 

Herins, W. B. A field test of the effect of artificial light on the behavior of the 
codling moth, Carpocapsa pomonella (Linn.). Jour. Econ. Ent. 22(1) : 78-88. 1929. 
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time of clay when flij^hts occur emphasizes the importance of this matter. 
Laboratory tests concerning intensity, quality, and constancy of light 
are in progress, and Avill be the subject of a later paper. 

It is freely conceded that the real test of tlie efficacy of light in com- 
bating the codling moth would come if an entire large area were to be 
illuminated. That moths prevented from entering the area under effec- 
tive illumination, as involved in the test here reported, might go else- 
where to more attractive darker areas to deposit their eggs is quite 
probable. Likewise it is unlikely that moths whi('h succeeded in entering 
the lighted area in spite of the re])eHent effects of the light would be 
deterred from laying their eggs. The rej)orted reduction in worminess 
is believed to be because there were fewer moths in the illuminated area. 


CONCLUSIONS 

1. The total number of apples (from 51 trees) examined for wormi- 
ness was 217,975, including thinnings and windfalls. Worminess in 
apples among varieties that were reivresenled iji each grou]), namely 
Yellow Newtown, Skinner l^i|)pin. Hoover, and lien Davis, from tlie 
unsprayed, wholly illuminated trees (eight) was 49.7 ])er cent, while 
the unsprayed check plot (not artificially illuminated) of eight trees 
showed 71.2 ])er cent worminess. The nonilluminated sprayed trees 
(fifteen) showed 7.4 per cent worminess. In s])ite of the fact that a 
higher artificial-light intensity had l)een used during the second season's 
woi’k, the relative reduction in worminess for the entire test plot under 
illuminated and nonilluminated conditions was not greatly changed, 
i.e., the first season it show(‘d a reduction of 21 ])er cent (illuminated 
14.5 per cent and nonilluminated 21.0 per cent) while the second season 
showed a reduction of 20 per cent (illuminated 49.7 per cent and non- 
illuminated 71.2 per cent). 

2. Using a single variety, namely Skinner Pippin, the conclusion is 
reached on the evidence at hand and under the conditions of this test 
that the percentage of worminess of apples in tlie more highly illumi- 
nated area is much less than the average for the several varieties com- 
bined, i.e., there is an ap])arent reduction of more than 50 per cent (il- 
luminated 44.1 per cent ; nonilluminated 89.1 per cent) . 

3. Since the codling moth deiiosits eggs rather freely within a light 
intensity range of from 0.3 to 90.0 foot-candles (station No. 2) with 
maximum activity between 25 and 52 foot-candles, and in view of the 
fact that an artificial-light intensity was maintained (station No. 6) 
ranging from 11 to 112 foot-candles at best, it becomes obvious that the 
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intensity of artificial light wavS not sufficiently high to wholly prevent 
codling moths from entering this area and depositing eggs. There was 
nevertheless a substantial decrease in moth attack as noted above. 

4. It is evident that the eflfectivene>ss of artificial-light intensity in 
deterring moths remains fairly constant over a wide range of intensity, 
i.e., 30 X 10 to 1,560 x 10 when measured by values of 1/D^ as shown 
by the curve of worminess, and that it is not until the function of 1/D’^ 
falls below 30 x 10 that worminess increases abruptly. 
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INTRODUCTION 

During 1918-1932 field investigations were carried on to determine 
where the beet leafhopper spends the winter and to locate the natural 
breeding areas in thiKS state. Trips were taken to Death Valley, Mojave 
Desert, Imperial Valley, and the Tulare Lake and Bakersfield sections 
of the San Joaquin Valley — areas from which Balk*^^ believed the beet 
leafhop])(‘r migrated into sugar-beet fields — and also to the middle and 
northern sections of the San Joaquin Valley, to the Sacramento Valley, 
Santa Clara, and Salinas valleys, and to all other important sugar-beet 
districts in California. After a general survey of this enormous terri- 
tory, it soon l)ecame evident that it would re<iuire many years of field 
work to map the natural breeding areas of this insect, and hence the 
work was limited to tlie San Joaquin, Sacramento, Santa Clara, and 
Salinas valleys and to several small valleys. No foothill investigation 
has been carried on in Death Valley, Antelope Valley, Mojave Desert, 
and Im])erial Valley. Such results as were obtained in tliese districts 
have been j)ublished in previous pai)ers. 

The host plants of the beet leafhopper on the uncultivated plains and 
foothills, in the cultivated areas, and the original native host qilants, 
the spring and summer dispersals and migrations, natural barriers, 
causes of fiuctuation in population, and natural enemies were also 
observed during the investigations. 

DISTRIBUTION OF BEET JjEAFITOPBER 

The beet leaf hopper is a native species and has been taken in western 
North America from Canada into Mexico. Davis found the northern 
limit of the leafhopper was Cache Creek, British Columbia, 140 miles 
north of the international boundary. Carter^^^^ used the climograph as 
a means of comparing climates with respect to y)recipitation and tem- 
peratures in determining the i)robab]e limits of the range of the beet 
leafhopper; these studies were supplemented with surveys of the dis- 
tribution of the insect. He considers that the presence of the leafhopper 
in British Columbia is due to a northward migration. Carter^®' pub- 
lished the results of the Canadian survey conducted by II. L. Seamans 
and states that the leafhopper was not found in the province of Alberta, 
although the results of the .survey were not conclusive. Davis^^^^ found 
that the leafhopper was generally distributed in western Washington 
and Oregon. The area west of the Cascade Mountains in Oregon and 
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Washington represents the high-rainfall belt of the Pacific Northwest 
and is a limiting factor of the breeding range of the pest, although mi- 
grations into these areas occnr.^^®^ Ilenderson^^^ found that the beet 
leafhopper occurred in Lower California and western Mexico as far 
south as Guasave, Sinola. The insect was not found on the high central 
plateau, which extends from the southern ])ortion of Durango to Mexico 
City. 


BPEPIDING AREAS 

If nymplis of the spring generation are found year after year in a 
region, then that region can be considered as a permanent natural 
breeding area; on the other hand, when these nymphs are found only 
during a favorable year, tliat locality should be considered as a tem- 
porary breeding district. This leafhopper migrates long distances, and 
wluui insects migrate from their natural breeding grounds they fail to 
establish themselves in their new environment unless they meet condi- 
tions similar to their original habitat. Tn California the presence of 
pale-green adults of the spring generation, the pale-yellow forms of the 
summer generation, or the dark overwintering adults of the autumn 
generation, is no indication of a natural breeding area of the beet leaf- 
hopper. To map the natural breeding areas and migratory regions in 
some of the valleys in California required many years of field investi- 
gations. 

In San Joaquin Y alley . — The Great Interior Valley of California 
occupies the central part of the state. The valley is almost 400 miles 
long and from 20 to 50 miles wide and extends in a general northwest- 
southeast direction. It is bounded on its eastern side by the lower foot- 
hills of the Sierra Nevada Mountains and on its western side by the 
Inner CoavSt Range. The valley is enclosed around its northern end by 
the Klamath Mountains and around its southern end by the Tehachapi 
Mountains. The northern third of the Great Basin forms the Sacra- 
mento Valley and the remainder, the San Joaquin Valley. The San 
Joaquin and Sacramento valleys are not separated by a mountain bar- 
rier. The Marysville Buttes are located near the middle part of the 
Sacramento Valley, a few miles northwest of Marysville. 

The northern limit of the breeding range of the beet leafhoj)per in the 
San Joaquin Valley was found to be in a canyon in the Inner Coast 
Range situated about 4 miles southwest of Pittsburg (fig. 1). The 
natural breeding area includes the canyons of the Inner Coast Range in 
the northern San Joaquin, the plains and foothills of the middle and 
southern San Joaquin, and the foothills of the Tehachapi Mountains. 
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The plains and foothills of most of Kern County are natural breeding 
grounds except the Sierra Nevada foothills near the northern end of 
the county. The northern limit of the breeding range on tlie Sierra 
Nevada foothills was found to be about 10 miles north of Porterville 
near Lindsay in Round Valley (fig. 1). The natural breeding area ex- 
tends into the mountain passes of the Inner Coast Range for a distance 
of 12 miles in Ijittle Panoehe, Big Panoche, and Cholame passes. 

In Panoche Valley . — A natural breeding area occurs between the 
(>oast Ranges on tlje western foothills of the Panoche hills bounding 
Panoche Valley. When the hills are covered with shrubs and trees, as is 



Fig. 1. Belief map of California showing natural breeding areas of beet leaf hopper 
on plains and foothills in the Ban Joaquin Valley indicated by black dots. The 
northern third of the Great Basin represents the Sacramento Valley, which is a 
migratory area of the beet leaf hopper. 
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the case on the Outer Coast Range, beet leafhoppers are rarely captured 
on red-stem filaree (Erodium cicutarium) (fig. 2), the most important 
breeding plant on the plains and foothills in California. 

In Salinas Valley . — The Salinas Valley is the largest of the many 
valleys inclosed within the Coast Ranges in California. From Monterey 
Bay it extends in a southeasterly direction, in a line parallel with the 



Fig. 2. Bosette form of red-stom filaroo {Erodium cicutarium ) ^ which is tlic most 
important food and breeding plant on the plains and foothills, of tlu? beet Icafliopper 
in California. 

coast, to its head, a few miles southeast of Santa Margarita — a distance 
of about 100 miles. Its average width is from 7 to 9 miles. Upon the 
northwest the valley is bounded by Monterey Bay ; upon its sides by the 
Sierra Santa Lucia and Sierra Salinas ranges, with their outlying spurs 
upon the west; and by the Gabilan Mountains and Inner Coast Range 
upon the east, the latter separating the Salinas Valley from the San 
Joaquin Valley of the interior of the state. 

The northern limit of the foothill breeding range on the Cabilan 
Mountains in the Salinas Valley is near the boundary of the fog belt 
south of Soledad, and the southern limit is in the vicinity of San Miguel, 
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the most favorable foothill breeding area extending from Greenfield to 
Bradley. During the autumn adults have been taken on the foothills of 
the Sierra Santa Lucia Mountains bounding the coastal side of the 
Salinas Valley and nymphs have been taken on the foothills about 5 
miles southwest of King City, but this mountain range is only a minor 
natural breeding area. 

In Santa Ana Valley. — Nymphs and adults were taken in the spring 
of 1926 on red-stem filaree growing on the southern exposures of the 
barren foothills in the Santa Ana Valley, south of Hollister. The eastern 
footliills wer(' forested and no leaflioppers were taken. 

In Panoche and Pach eco Passes. — During the spring of 1925 and 1926 
a high population of nymphs and adults was found on the foothills in 
the vicinity of Paicines and in the western entrance of Panoche Pass, 
but no nymplis were taken in Pacheco Pass. 

Suttie^* found on November 24, 1931, from 10 to 15 overwintering 
adults to 100 sweeps of tlie insect net on perennials and red-stem filaree 
near Paicines and south toward the entrance of Panoche Pass, lie also 
found on November 8, 1930, as many as 20 to 30 overwintering adults to 
100 sweeps of tlie insect net on perennials growing along the San Benito 
River near Hollister. 

A natural breeding area of the beet leafhopper extends from the 
Santa Ana Valley to Panoche Pass, becoming less favorable toward 
Pacheco Pass. In all probability the origin of the leafhopper in the 
Hollister beet district was from this natural breeding area and in some 
years through migrations from the San Joaquin Valley. 

In Santa Clara V alley. — Investigations conducted during the autumn, 
winter, and spring of 1925-26 demonstrated that the beet leafhopper 
breeds on short red-stem filaree growing in rocky localities on the foot- 
hills extending out into the valley from two Coast Ranges in the southern 
part of the Santa Clara Valley. An occasional nymph and adult of the 
spring generation were taken on red-stem filaree in rocky localities on 
the foothills east of Coyote. This is a minor and temporary natural 
breeding area. 

Suttie collected on January 11, 1927, an occasional overwintering 
adult on red-stem filaree in rocky localities on the foothills near Lick 
and Coyote. 

In Sierra Nevada Valleys .- — ^Natural breeding areas of the beet leaf- 
hopper occur in valleys located in the Sierra Nevada. Nymphs and 
adults were found on red -stem filaree growing sparingly on the rocky 

sW. Suttie, of tlie Spreckels Sugar Company, in a personal interview with the 
author* 
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hillsides surrounding the southwestern portion of Honey Lake Valley 
(altitude 4,000 feet). Overwintering adults were taken in Sierra Valley 
(altitude 5,000 feet) during 1925, and adults of the spring generation 
were found in this valley l>y Hartimg during 1919 and Schwung during 
1924, as reported in a previous paper.' Tlie leafhopper and curly top 
of sugar beets were also reported in the same paper as occurring in 
Indian Valley (altitude 3,600 feet) and American Valley (altitude 
3,400 feet). 



Fig. .3. Branch of arrowscalc (Atriplex phyUostcgia) , showing leaves and fruit- 
ing bracts, also cliaracteristic leaves and fruiting bracts removed from plant. 

HOST PLANTS 

On Uncvitltivated PlzMns and Foothills 

Food Plants . — There existed on the plains and foothills of California 
an abundance of grasses, clovers, and wuld flowers, until man disturbed 
the native conditions. As early as 1773, the Spaniards disturbed the 
native conditions by introducing slieep wdiich carried in their w'ool seeds 
of plants from the Mediterranean Basin. The ensuing competition 
between the native and introduced plants greatly diminished most of 
the native species. 
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lled-stem filaree, Avliich occurs on the barren hillsides and dry plains 
has been consider(^d an introduced species, but there ivS some difference 
of opinion among botanists. If this plant was introduced, then a special 
adaptation of tlie leafli()|)per to it has occurred. 

(.'attic and sheep have overgrazed the preferred introduced forage 
plants, so that tliesc^ were not permitted to produce seeds abundantly. It 
is these overgrazed footliills sparsely covered with red-stem filaree in 
tile semiarid regions that are the most favorable habitat of this insect. 



Fig. 4. Twigs of fleshscale or Australian saltbush (Atriplex semihaceata) j show- 
ing leaves and fruiting bracts, also different-shaped leaves and fruiting bracts 
removed from plant. This perennial saltbush w^as introduced into California about 
thirty years ago from Australia as a forage plant, and is one of the most important 
food and breeding plants of the beet leafhopxicr in the Imi)erial Valley. It is also a 
favorable host plant of the leafhopper in the San Joaquin and Salinas valleys, but is 
not abundant in the Sacramento Valley. It is well established in the southern part 
of the state and is common in the fog belt. 

The disturbance of the native conditions on the plains and footliills 
and in the cultivated areas increased the most favorable food and breed- 
ing plants of the leafhopper and hence has increased the opportunities 
for an enormous multiplication of the pest when climatic conditions 
are favorable. 

The relative numbers of beet leaf hoppers captured on plants growing 
on the plains and foothills of the Coast Range bounding the San Joaquin 
Valley were determined during 1918. The insects were taken on twenty 
species of plants, five of which belong to the saltbush faiAily. The reader 
is referred to a previous paper^'^”^ for a list of food plants. 
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Breeding Plants, — The beet leafhopi)er has been bred from five differ- 
ent species of annual plants g^rowing on the foothills of the San Joaquin 
Valley: red-stem filaree {Erodium cicutarium) and white-stem filaree 
or musk filaree {E , mo sc hat urn) {Qerm\vAC,en.c) , Hollisteida lanata (Po- 
lygonaceae), Malvasirum exile (Malvaceae), and common peppergrass 
{Lepidiuni nitidum) (Cruciferae). Ped-stem filaree is the most impor- 



A B 


Fig. 5. Ay Brandi of crownscale (A triplex coronaia) ^ sliowiiig leaves and fruiting 
bracts, also leaves and fruiting bracts removed from plants. B, Brandi of ballscale 
(Atriplex fi'mticulosa), showing braves and fruiting bracts, also leaves and fruiting 
bracts removed from plant. During dry autumns before the iiastiiro vegetation has 
germinated, beet leafboppers are commonly taken on this jilant on the plains of the 
Ban Joaquin Valley. 


tant host jilant upon which the overwintering adults feed and deposit 
their eggs, and upon which the spring generation develojis. 

. The nymphs hatched from eggs deposited in the leaves or stems of the 
following perennial Chenopodiaceae growing on the plains of the San 
Joaquin Valley: ballscale {Atriplex fruticulosa) , spinescale {A. spini- 
fera), and Australian saltbush or fleshscale (A. semihaccata) . 


In Cultivated Areas 

Food Plants. — The relative numbers of beet leaf hoppers captured on 
plants growing in the cultivated areas of the San Joaquin Valley were 
determined in 1918. The insects were taken on thirty species of 
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plants/"''' eighteen ol: wiiicli belong to the Chenopodiaceae. After the 
invasion of the en]tiva1e<l areas by the pest, the leafhoppers were more 
abundant on plants of tlie family (d)eiioiK)diaeeae, to which the sugar 
beet belongs. 

During the si)ring tlie beet leafho])p(‘r was found in enormous num- 
bers on s]u)j*t-]ived annual saltbusljes, such as arrowscale (Airiplex 



A B 


Fig, (.), A, Brandi oT silvor«('.alo or fogweed {Atriplcx argantca cxpanm), showing 
leaves and fruiting bracts. B, Branch of redscale or red oraclie (Airiplex rosea), 
showing ]eav(*s and fruiting bracts, also fruiting bracts removed from plant. 

pjhyllodegia) (fig. o ; plate 1, />) ; lieartscale {A. cordulaia) (plate 1, F ; 
plate 3, (J) ; crownseale (d . voronata) (fig. 5 A; plate 1, E) ; brittlescale 
(A. parishi) (plate 1, /,* ])late A) ; but during the summer when these 
saltbuslies become dry exce])t in irrigated fields, the leaflioppers assem- 
ble on other favorable host plants. It was frequently noticed that when 
the stems of other species of plants became woody the insects left, but 
this was not the case with fogweed or silverscale (A. argeniea expansa) 
(fig. 6A ; plate 1, A) ; red orache or redscale (A. rosea) (fig. %B ; plate 
1, C) ; bractscale (A. hracteosa) (plate 1, 1) ; plate 3, 71) ; and Russian 
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Fig. 7. Vjirant field cova'red 'with ])rartH<'aU‘ (Alriplcx hr^etf om) , 



Fig. 8. Bractacale (Atriplex bracteosa) growing along a fence, ahowing height of 
plant, wliich may vary from 1 to 15 feet, and with stems commonly spreading to f orin 
dense tangled mats from 1 to 10 feet across, from which arise slender erect or 
ascending twigs. 

This annual saltbush forms dense communities in the San Joaquin A^alley, and 
owing to its size and abundance, is one of the most important food and breeding 
plants of the beet leafhopper in the cultivated areas of California. The leafhoppers 
are commonly found on this weed from the time that the sjjring dispersal from the 
plains and foothills begins until the return flights occur. 
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thistle {Salsola kali tenuifolia) , The leaf hoppers remained on these 
plants until the leaves became dry. 

Wherever man has disturbed the native conditions in the San Joaquin 
Valley, vast areas of annual saltbushes occur. Saltbushes grow abun- 
dantly along fences (fig. 8), roadsides, highways (fig. 9), and railroad 
tracks (fig. 10), on vacant fields (fig. 7), and, after the grain is har- 
vested, on stubble fields, and commonly around hay and straw stacks. 
Dense masses surround alkali sinks (fig. 11), although the black alkali 
is often too strong for their development. Irrigation and drainage 



Fig. 10. Silveracale or fogweed (Atriplex argentea expanm)^ 
growing along railroad tracks. 
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canals are favorable locations for the development of this alkali \ege- 
tation (fig. 13). 

The stimulus for the development of enormous areas of annual salt- 
bushes in the Han Joaquin Valley has probably been the increase of 
alkali lands by man ’s activities. According to Kelly ‘ ‘ several hundred 
thousand acres in the San Joaquin Valley, which were comparatively 
free from alkali previous to the advent of irrigation, have already 
been seriously injured, or abandoned.'’ He states that alkali finds its 
way into good lands by the use of saline irrigation water, and by the 
rise of the ground-water level through seepage and overirrigation. 



Fig, 11. Alkali sink HurroiiiKhul by (b'lise growilis of rtulscalo or 
rod oraclio (A triplex rosea). 



Fig. 12. Plains of the western San Joaquin Valley covered with spincscale 
{Atriplex spinifera) , a perennial saltbush, which serves as a food plant of the beet 
leafhopper during dry autumns .and winters before the pasture vegetation has 
germinated. 
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Breeding Plants . — The most important factor in the enormous in- 
crease of the beet leafhopper in the San Joaquin Valley is the abundance 
of the breeding plants in the cultivated areas. The plants upon which 
enormous numbers of nymplis and adults were taken in the field are 
representatives of the Cheno])odiaceae. The leafhopper was bred from 
eggs deposited under natural conditions in thirty-(*ight species of weeds 
growing in the cultivated regions. The weeds upon which adults were 
collected were removed with the root system from vacant fields, stulible 



Fig. 13. Bractsoalc {AiripJex hraetco.m) , growing along an irrigation canal. 


fields, beet fields, truck-crop fields, along roadsides, railroad tracks, 
rivers, and irrigation and drainage canals. Table 1 lists the plants in 
which the beet l(‘afliopp(‘r deposited eggs in th(‘ (‘ultivated districts and 
show's which are native to this country and w hich introdu(‘-ed from other 
countries. 

Later investigations have shown that the nynqihs are not able to 
acquire the wdnged stage' by feeding on some of the w'ceds in wdiich eggs 
are deposited. Tlu' bre^eding experiments indicate that tlie most favor- 
able host plants in the' cultivated areas are* plants of the (lienopodiaceae, 
to wdiich the sugar beet beviongs. 

The host plants of the beet leafhopper among economic ])lants was 
reported in previous papers.^'^^’ 
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TABLE 1 

IjIST of Weeds in Wiru^H Beet Leafjioppers Deposited Egos in Cui/n\ ATEr) 
Areas Under Natxtral (’ondition.s in Caliiornia'' 


0)111 mon name 

Si'ient i fie name 

IViniily 

i 

()i‘igin 

\'alley in whi<*h 
breeding plants 





were obtained 


A n n iial sal (.1 > ush es 


.Arrowscale 

Atriplex p/iyllnste(jia Wats. 

Chenopodiawae 

Native 

San Joaquin 

Bractscale 

Atriplex hracteoxa Wats. 

Chenopodiaceae 

Native 

San Joaquin, Sac- 





ramento, Salinas 

Brittlpscale 

Atriplex paritiM Wats. 

< 'henopotliaceae 

Nat ive 

San Joaquin, Sar*- 





ramento 

Crownsrale 

Airiidex coronata Wats. 

Chenopodiaceae 

Native 

San Joaquin, Bar- 





ramento 

Fogweed 

Atriplex (iryeutea exjHtiixa (W'ats.) 

Chenopodiaceae 

Native 

San Joaquin, Sac- 

fsilverseale) 




ramento, Salinas 

Heart H<‘ale 

Atriplex cordulnta .fepson 

Chenopodiaceae 

Nat ive 

San Joaituin, Sac- 





ramento 

Spear oraiihe 

Atriplex putula 1,. 

Clienoijodiaeeae 

Nat ive 

SafTamento 

(spearscaie) 

Atriplex t ularen xix Cov'iWe 

(Chenopodiaceae 

Native 

San Joaquin 

Wheolncale 

Atriplex deyanx (yiiHi.) Dietr. 

Chenopodiaceae 

Native 

Imiterial 

Bed orache 

Atriplex roxea L. 

Chenopodiaceae 

Introduced 

San Joatiuin, Sac- 

(redscalc) 




ramento, Salinas 


Perennial 

sal lb ushes 



.Australian salf- 

Atriplex semihaecat'.} H. Hr. 

Chenofiodiaireae 

1 ntroduced 

San Joaejuin, Sac- 

busli 




ramento, Salinas, 

(flesh scale) 




Imperial 


I’igweecis 



Chenopodiurn leptophylhnn Wats. 

1 

Chenopodiaceae 

Native 

San Joaquin 

Lamb’s quarters 
(white pig- 
weed) 

Chenopodium album L. 

C'hem ipodiaceae 

Introduced 

San Joaquin, Sac- 
ramento, Salinas 

Sowbane (nettle- 
leaf goosefoot) 

Chenopodiurn muraJe J.. 

C'henojiodiaceae 

Introduced 

San Joaquin, Sac- 
ramento 

Mexican tea 

Chenopodium amhrosiuidcx L. 

Chenopodiaceae 

Introduced 

San Joaquin, Sac- 
ramento 


Other weeds 



Nitrophila occidentalis (Moq.) 

Chenopodiaceae 

Native 

San Joaquin, Sac- 


Wats. 



ramento 

Russian thistle 

Salxola kali J.,. var. tenvifolia Cl. 

Chenopodiaceae 

Introduced 

San Joaquin, Sac- 

{Continued) 

F. W. Mey. 



ramento, Salinas 


* The salt bushes were determined by 11. M. Hall, Carnegie Institution of Washington, and all other 
weeds were classified by various systeniatists of the Division of Botany, University of California. 
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TABLE ] — (Cimcludfid) 


Common name 

Scientitic name 

Family 

Origin 

Valley in which 
breeding plants 
were obtained 


Other Weeds — {Continued) 




Suaeda depretma (Pursh) var. 
erecta Wats. 

Chenopodiaceae 

Native 

San Joaquin 

Curly dock 

Runiex crispufi L. 

Polygonaceae 

Introduced 

San Joaquin, Sac- 
ramento, Salinas 

Wire grass 

Polygonium aviculare I;. 

Polygonaceae 

Introduced 

San Joaquin 

(yard grass) 





Rough pigweed 

Amaranihue retroflexus L. 

A maranthaceae 

Introduced 

San Joaquin, Sac- 
ramento, Salinas 

Tumbleweed 

AmaranthUH graecizntiH \j. 

A maranthaceae 

Introduced 

San Joaquin, Sa- 
linas 


Amaranihus deflexm Ti. 

A maranthaceae 

Introduced 

San Joaquin, Sa- 
linas 

Indian ehiek- 

Mollugo veo-ticillata L. 

Aizoaceae 

Native 

San Joaquin 

weed 





Lowland purs- 
lane 

Scmriurn seuHLe Pers. 

Aizoaceae 

Native 1 

j 

San Joaquin, Im- 
perial 

Red maids 

Calandrina caulescens H. JL K. 
var. menzieaii Gray 

Portulacaceae 

Native 

San Joaquin 

Common purs- 

Portulaca oleracea L. 

Port 111 aca(‘eae 

Introduced 

San Joaquin 

lane 





Charlock 

Brassica arrennix (L.) H. S. P. 

Cruciferae 

Introduced 

San Joaquin, Sac- 
ramento 

Wild radish 

Raphanufi sativiua L. 

Cruciferae 

Introduced 

Salinas 

Jackass clover 

Widizenia refracia Engelrn. 

Cruciferae 

Native 

San Joaquin 

Spanish clover 

Lotus americanus (Nutt.) Bisch. 

Leguininosae 

Introduced 

San Jtiaquin 

Dwarf mallow 

Malva rotundifolia L. 

Malvaceae 

Introduced 

Salinas 

Cheese weed 

Malva partijlora L. 

Malvaceae 

Introduced 

San Joaquin 

Alkali mallow 

S>ida hederacea (Dougl.) Torr. 

Malvaceae 

Native 

San Joaquin 

Orchard morn- 

Convolvulus aroensis L. 

Convolvulaceae 

lntroduoe<l 

Sacramento 

ing-glory 





Chinese pusley 

II eliotropium curassnvicum 1,. 

Boraginacjeae 

Native 

San Joaquin, Sa- 
linas 

Horehound 

Marruhiuni vulgare L. 

Labiatae 

Introduced 

Salinas 

Tolguacha 
(jimson weed) 

Datura meteloides D. C, 

Solanaceae 

N ative 

San Joaquin, Sa- 
linas 


Solanum douglasii Dunal. 

Solanaceae 

Native 

Salina.s 

Horsewced 

Erigeron canadensis L. 

Couipositae 

Native 

San Joaquin 

Cotton-batting 

Gnaphalium chilevse Spreng. 

Compositae 

Native 

Sacramento 

plant 





Common sun- 

lleliaritfius annuus L. 

Compositae 

Native 

San Joaquin 

flower 





Common spike- 
weed 

Centromadia pungens (T. & G.) 
Greene 

Compositae 

Native 

San Joaquin 

Spiny clotbur 

Xanthium spinosu m ]>. 

Compositae 

Introduced 

San Joaquin, Sa- 
linas 

Mayweed 

Anthemis cotula Jj. 

Compositae 

Introduced 

1 San Joaquin 
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Original Native Host Plants 

Tlie distribution of insects is often limited by the g-eographical range 
of native food and breeding plants. The most imi)ortant host plants 
of the beet leafhopper are representatives of the Chenoj)odiaceae (salt- 
bush family) and Cruciferae (mustard family). IT. M. Hall has pre- 
pared a brief statement concerning the geographical distribution of the 
species of saltbushes as follows: '‘There are numerous species of atri- 
l)lexes (saltbushes) throughout western North America as far south as 
tropical Mexico, the number of species as well as individuals diminish- 
ing toward the south. 

Perennials . — As shown in table 2, Atriplex nutialli and A. riuttalli 
falcaia are the only perennial saltbushes which serve as breeding plants 
of the beet leafhopper in states other than California; all others are 
food plants. 

The beet leafhop])er occurs abundantly on certain perennial salt- 
hushes in the San Joaquin Valley during dry autumns. There are on the 
plains of the western San Joaquin Valley vast areas of shrubby peren- 
ial saltbushes (fig, 12). A comparison of the natural breeding grounds 
of the leafhopper with the distribution of the perennial saltbushes in 
valleys where an intensive study of botli has b(‘en made follows. 

Cattle spinach or allscale (Atriplex polycarpa) (fig. 14A ; plate 2, B) 
is one of the most favorable shrubby perennial saltbushes as a food 
plant of the leafiiopper. According to W. C. Cook it was found in Los 
Banos Cre(‘k, 10 miles southwest of Los Banos in the middle San Joaquin 
Valley, and extends as far soutli as the Tehachapi Mountains. This 
saltbush is green during dry autumns. Lower populations of leaf hop- 
pers are obtained when A. polycarpa was swept during the afternoon 
tfian after sunset. In one test two persons swept these shrubs with an 
insect net for one hour from 2:40 to 3 :40 p.m. and 24 specimens were 
taken. The same saltbushes were swept for half an hour from 5:15 to 
5 :45 P.M. and 126 specimens were taken. Tn all probability the leaf- 
hoppers remain within the shrubs during the daytime, and come to the 
outer branches and foliage at sunset. 

Spinescale (Atriplex spinifera) (fig. 12; plate 2, A) which is some- 
times mixed with A. polycarpa, is often too dry for large populations of 
the leafhopper in October, but during November it develops fresh leaves 
and is a favorable food plant. A. spinifera occurs as far north as Volta 
in the San Joaquin Valley and has been recorded as far south as Buena 
Vista hills in Kern County. During the 1919 outbreak of the beet leaf- 
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TABLE 2 

I^j.ANTs Among the CnENOPomACEAE ano Cruciferae Used as Food ok Breeding 
J^LANTS BY THE BeET LEAFIIOFPER 


Stale 

Aulliorify 

Coininon name 

Scientific name 

Origin 

Chenopodiaeeae, perennial saltbupljes 



Shadpcale 

Atriplex confertifolia (Torr. & 

Native 

Idaho 

liaegde^^^^ 

Moundseale 

Frem.) Wats. 

Atriplex muttalli Wats, 

Native 




Atriplex puhularis Nets. 

Native 



VV'ingscale 

Atriplex canescemi (Pursh) Nutt 

Native 


i 

Shadscale 

Atriplex confertifolia (Torr. & 

Native 




P'rem.) Wats. 


Utah 

1 Know Iton 

j Quailbrush, lenscale 
Mowndscale 

Atriplex lentiformis (Torr.) Wats. 
Atriplex nuitalH W'als.'^ 

Native 

Native 



Moundscale 

Atriplex nuttalli falcata (Jones)* 

Native 



Cat tle spinach. 

Atriplex polycarpa ('Forr.) Wats. 

Native 



allscalc 

fWingseale 

Atriplex canexcens (Pursh) Nutt. 

Native 



1 Hallscaie 

Atriplex frnticulosa Jepson* 

Native 



j Quailbrush, lenscale 

Atriplex lentiformis (Torr.) Wats. 

Native 

California 


s C’attle s})inach, 

Atriplex polycarpa (I'urr.) Wats. 

Native 



allscale 

j Australian saltbush 

Atriplex eexnibiiccatn Brown 

Introduced 



(Sjhnescale 

Atriplex apinifera McBr.* 

Native 


Clieiiopodiaeoae, annual paltbushep 


Washington 

Ball ^2) 


Atriplex sp. (?) 

Native 

Oregon 

Balp2) 


Atriplex sp. (?) 

Native 

T 

f Haegele^^O 

Red orache, redscale 

A triplex roeea T . . * 

Introduced 

a iu 

ICarter"") 

Red oraclie, redscale 

Atriplex rosea L.* 

Tntrodu(jed 



( Silvcrscale 

Atriplex argentea Nutt.* 

Native 



1 ( lardenscalc, garden 

Atriplex horteniiis L. 

Introdiicedf?! 



1 orache 



Utah 

Knowltoii^^’'^’-^^ 

J SjiearBC-ale, spear 

Atriplex patula hnstata (U.) 

Native 



] orache 





1 Ribscale 

Atriplex imveXli Wats. 

Native 



j Red orache, redscale 

A triplex rosea T , . * 

Introduced 



[ Wedgescale 

Atriplex truncata (Torr.) Gray* 

Native 

Isla Kaza 1 


f 

Atriplex sp. (?) 


Santa Inez 

Van Duzee^'^^^ 

] 



Island J 


i 

Atriplex sp. (?) 



Crucifercae 


Idaho 

Haegele^i^> 

1 

i 

1 

Worniseed mustard 

T unibling mustard 
Green tansy nnis- 
tard 

Erysium cheiranthoides L. 

Norta altiseimia (L.) Britt.* 
Sophia filipes (Gray) Heller* 

Introduced 

Introduced 

Native 

{Contin ued) 



Penny cre.ss, fail- 
le weed 

71ilaspi amensis L. 

Introduced 


* Brwding pJant«; all ptluTs are food plants. 



Jan., 1933] 


Srvcrin: Field Ohservationfi on Beet Leafhopper 


299 


3’ ABLK 2— (Conclnded) 


State Authority Coiunion name 


Sdentifir. name 


Origin 


Cruciforoao - ACoucl uded ) 




I' li.'cweed, herb- 

So])hia sophia fL.) Britt.* 

Introduced 



Sophia 






Sophia fdipen (Gray) Heller * 

Native 



Jim Hill mustard 

Norta aUiitdma (L.) Britt.* 

Introduced 



Jilack mustard 

Brassica nigra (]j.) Koch 

Introduced 



Shei)herd’8 purse 

Bursa bursa-pastor is (L.) Britt. 

Introduced 



False flax 

Camelina microcar pa Andrezej 

Introduced 



11 lister cress 

Cheiriniarc panda (L.) Link* 

Introduced 



Blister cress 

Cheiriniacheiranthoides (L.) I.ink 

Introduced 



Blister cress 

Cheirinia aspera (Nutt.) Rydb, 

Native 



Malcolmia 

Malcolmia africana (L.) R, Br.* 

Introduced 



l*ei>per grass 

Lepidiam perfoliaivm L. 

Introduced 



IV.piwr gras.s 

Le indium pubicarpiim A. Nels. 

Native 



Beppe*' grass 

Lepidium ramosum A. Nels. 

Native 



Be p per grass 

Lepidiu7n densijlorum Schrad.* 

Native 



'I'umble mustard 

A'orta altissima (L.) Britt.* 

Introduced 



Whitlow grass 

Draba micraniha Nutt, 

Native 



Whitlow grass 

hraba nemorosa L. 

Native 

Krinwltfdl " 


I Whitlow grass 

fhaha cuuefolia Nutt. 

Native 



1 Water cress 

1 

Sispmhriu m nasiurtiuiti-aqnati- 

Introduced 


1 

1 

.S:'hoenocraml)e 

Schoencrambe linifolia (Nutt.) 

Native 




( Jreene 



1 

Charlock 

Sinapsis arvensis L. 

Introduced 


I 

Tansy mustard 

So])hia sonne (Rob.) Greene 

Native 



1 'I’ansy niustard 

Sophia f'lipes (A. Gray) Heller* 

Native 



I'ansy mustard 

Sophia pinnata (Walt.) Howell* 

Native 



'I'ansy mustard 

Sophia hartuegiaua (Fourn.) 

Native 




Greene 




'Fansy mustard 

Sophia incisa (Kngelm.) Greene 

Native 



'Bansy mustard 

Sophia longipidicellata (Fourn.) 

Native 


i 


Howell 




' Tansy niustard 

Sophia jrrorera Greene 

i Native 



'I’ansy mustard, 

Sophia sophia (L.) Britt.* 

Introduced 


1 1 

flixwecd 



1 

1 

1 

Sojihia parvijlma (I-am.) Standi.* 

Introduced 


* Jireruling ijlanlw; all otla'i’K iirc plants. 


hopper, iiymplis luitcJied from depositcMl in tlie leaves of tliis peren- 
nial saltbush under natural eonditions. 

Quailbrush or lenscale {A triplcx Umtifonnis) (fig. 14 B ; ])late 2, C) 
is not as favorable a food plant as tlie previous two species. A. Umti- 
forniis is more tolerant to alkali and occurs on alkaline flats and river 
benches and according to Hall and Clements^ is the next stage in the 
succession with A. polycarpa and A. spinifera. A. Umdifonnis occurs as 
far north as Firebaugh and south to the Tehachapi Mountains. 

In the Sacramento Valley no shrut)by perennial saltbushes were 
found. Ballscale (Atriplex fruticiUosa) (fig. 5B; plate 2, F), a small 
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perennial, oeenrs in the Sacramento Valley from (tlenn County south in 
the San Joaquin Valley. It occurs on both the plains and foothills in 
the San Joaquin Valley, and leafhoppers are commonly taken on it dur- 
ing dry autumns. 

Australian saltbush or fleshscale {Airiplex semihaccata) (fig. 4 ; plate 
2, D) is common along roadsides, irrigation canals, and fallow fields, 



A B 


Fig. 14. A, Cattle spiiiaeli or allscale (Airiplex polycarpa) ^ showing end of branch 
with leaves and fruiting bracts. j5, Quailbrush or lenscale (Airiplex lentiformis) j 
showing end of branch with leaves and fruiting bracts, also fruiting bracts removed 
from plant. 

but is not abundant on tlie uncultivated plains. The leafhoppers are 
frequently abundant on it during dry autumns. In some years its 
foliage was destroyed by heavy frosts, but in a warm winter high per- 
centage of males were taken on several acres of it near Wasco as follows : 
December 10, 1918, 75 per cent and February 16, 1919, 82 per cent. 
During the 1925 outbreak of the beet leafhopper large numbers of 
nymphs and adults were found during the summer on A. semihaccata 
growing on the hillsides of the Gabilan Mountains near Metz in the 
Salinas Valley. The leafhopper was abundant on it during the winter 
in the Imperial Valley. 
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Tlie only native shrubby perennial saltbush in tlie Salinas Valley is 
Atriplex lentiformis, whieh is not a favorable food plant of the be6^t 
leafhopper. It is found in rare patches from Metz south in the valley. 

in the natural breeding area of the Santa Ana Valley to the western 
entrance of Panoche Pass no native j)erennial saltbuslies were found. 

The limited distribution of Atriplex lentiformis in the Salinas Valley 
and the absence of native perennial saltbuslies in the Santa Ana Valley 
indicates that the perennial saltbuslies were probably not the original 
native host i)lants, but simply serve as food plants during dry autumns 
in California. It could be argued, however, that the beet leafhopper 
extended its range to the Santa Ana and Salinas valleys, tlirough mi- 
grations from tlie San Joaipiin Valley, after the red-stem filaree spread 
to the foothills. 

During the autumn dispersal, leafhojipers are commonl}' taken on 
other shrubby perennials growing on the plains and foothills in the San 
floaquin Valley, such as (lutierrezia calif arnica and Isocoma veneia, 
which are 1 to 2 feet high. Creek senecio (Senccio douglasii) , which 
grows to a height of 2 to 6 feet, is another food ]:)lant of the overwinter- 
ing adults during dry autumns, but it is limited in its distribution. It 
does not form distinct communities and occurs on gravelly plains and 
dry stream beds in the foothills of the San doaiiuin Valley and sandy 
door of the Salinas River and its tributaries. In the Salinas Valley the 
leafhoppers are common on Lcpidosparium squamatumy a rigid broom- 
like shrub from 2 to 6 feet high growing in the stream bed of the Salinas 
River and its tributaries. L. sqvaniatum often forms dense stands in 
canyons and in some of the mountain ])asses in the San Joaquin Valley, 
and owing to its wide distribution is one of the most important food 
plants of the beet leafliopper during dry autumns. There are many 
other perennials on which tlie overwintering adults are taken during 
dry autumns in the San Joaquin and Salinas valleys, and when the in- 
sects are abundant they are taken on all green vegetation. 

Mortality on Perennials. — A change in food plants from favorable 
annuals in tlie cultivated areas to perennials on the plains and foothills 
may result in a high mortality of the overwintering adults during the 
autumn dispersal. No experiments have been conducted up to the pres- 
ent time on the longevity of the overwintering adults on dilferent 
species of perennials. Tlie longevity of the last living male and female 
beet leafhopper was reported in previous papers^^^’ on the host 
range of curly top. It was frequently found that nymphs which hatched 
from eggs deposited in host plants would acquire the winged stage on 
food plants that were unfavorable to the adults. 
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The overwintering adults have well-devel()])ed fat ])odi(‘s and the food 
requirements are ])robai>ly not as important as tlie water requirements 
during the early autumn. Carter^^^ has been able to sustain the life of 
the inseet on ta[) water for long periods. 

Annuals. — Surveys have been made of tlie host plants of the beet 
leafho])])er in a number of states, and a (liseussion of the most impor- 
tant liost plants in Canada and the United States follows. 

Davis^ ‘ * ’ eolleeted the beet leafhoi)per on liussian thistle and mangels 
ill J Jritish Columl)ia and western Washington, and on these same plants 
and beets in western Oregon. 

In Idaho liaegele^*’’' found that the principal and most widespread 
host plants of tlie C]i(‘no])odiaceae were A triplex rosea, llussian thistle 
(Salsola ])esiifer), and Bassia Jiirsuta. Tumbling mustard (Norta 
aliissima) and green tansy mustard {SojMa filipes) of the Crueiferae 
w'ere also im])ortant hosts of the beet leafhop]>er during the spring. 

Carter found a se(pienee of host plants of tlie beet leaf hopper 
tliroughout the season in centrahsoutlu'rn Idaho including three species 
of mustards sophia, Sophia jilipesy and Norta altissima)^ Airi- 

plex roseUy and Salsola pest if er, together with occasional hosts such as 
Solanum trifloruni. Salsola pesiifer is tlie most important late summer 
and fall host. 

Knowlton*-"’^ considers that the most important spring host plants in 
northern Utah breeding grounds are the following species of Crueiferae : 
Cherinia repanda, Norta altissimay Sophia sophuiy and Lepidium per- 
foliatum; and also Krodimn cicutariumy a repre.sentative of the family 
Geraniaceae. The two most important summer host plants are Salsola 
pestifer and A.triplex rosea. The spring host plants listed above again 
become important fall hosts, carrying the beet leafhopjiers until cold 
weather puts an end to activity. 

The most imjiortant l)re(‘ding plant among the annual saltbushes in 
states otlier than California is Atriplex roscay an introdiKted sjiecies. It 
is only the native host plants that can be considered as tlie original host 
plants of the beet leafhopper. Among the important California annual 
saltbuslies on wliich the summer and autumn generations of beet leaf- 
hopper develop are Airiplex argexitea expansay A. hracteosay A. patulay 
and A. rosea, Tlie latter liecomes dry too early in the fall to maintain 
large populations of the autumn generation. Atriplex plnjUostegiay A. 
parishiy A. coronata, A. eordulatay and A. elegans (plate 1, fig. H) are 
short-lived annual saltbushes which usually become dry in July and on 
which the summer generation of the beet leafhopper develops. 
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Among the (Trueiferae, green tansy mustard {Sophia filipes or, 
according to Jepsord^^^ Sisymlmnm incisum var. filipes) is a native 
s|)ecies on which the beet Jeafliopper breeds abundantly in Idalio and 
trtah, but this species (or variety) does not occur in California. In 
Utah Knowltort"'^’' has captured nyrnplis on tansy mustard {Sophia 
pinnata), a native species, but it has not been shown to be a breeding 
[)lant of the l)eet leafhopper in California. Nym])hs liave been taken 
on tlie native pepixvr grass {J.efndinm de^isifior’inn) in Utah, but this 
species does not occur in California. In California nymphs were bred 
from eggs deposited in common pe|)|H‘r grass {Lepidium rriliduni) col- 
lected in Little Panoche Pass. This species is common on the California 
j)lains, low hills, and in the valleys, and extends north to Washington. 
Further breeding experiments are necessary to determine whetlier the 
native mustards were the original liost plants on which tin* spring gen- 
(^ration developed. 

Davis'^' ' failed to take the beet leafliop()er on r(‘d-st(‘m filaree in Prit- 
isli Columbia, western Wasliington, and west(‘rn Oregon, but iiis collec- 
tions were made from August 10 to S(‘pteniber 15, P)2(), wlien this 
plant would probably not serve as a host, plant of the insiM't. Ac('ording 
to I hu'geh',"'"’’ till* l>(‘(‘t l(‘afhop|)ei- was not found on red-steni fiiar<‘(‘, 
wliich is coniparatiNH'ly rar(‘ in Idaho. In northern Utah Knowlton'"''’ 
found, as a rule, low populations of th(‘ beet leafhopixu’ on la'd-stein 
filaree during the spring, but in a few instances Ingh |)opnlatiojis were 
encountered on this plant during the autumn. 

It has b(‘en gtmerally coiisidered l>y botanists that red-stern filaree 
was introduced from the Mediterranean Basin by tlie Spaniards itito 
Mexico and South America ]>erhaps as early as the sixtecnith century, 
and a little later into California. This })lant belongs to th(‘ g(‘raninm 
family (Ceraniaceae), whicli is by no means closely r(dat(‘d to the salt- 
bush family (Chenopodiaceae). The possibility that the beet ](‘afho|)per 
was accidentally introduced in red-stem tilaree from Uuro])e is entirely 
out of consideration, for, if this |)lant was introduced into America 
from the Mediterranean Basin, it was almost ecwtainly through tln^ 
seeds carried in the wool of sheep. 

Two botanists, however, express a different opinion as to the native 
home of red-stem filaree. According to Brewer and Watson, Erodium 
(deiitarium is ''very common throughout the state, extending to British 
(Columbia, New Mexico, and Mexico, also widely distributed in South 
America and the Eastern Continent. It has been generally considered 
as an introduced species, but is more decidedly and widely at home 
throughout the interior than any other introduced plant, and according 
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to nuioh testimony it was as common throiigboiit California early in the 
present century as now.’^ 

Hendry and Kelly found in adobe bricks the seeds or portions of 
plants of 32 different weeds, 11 of which were recognized by botanists 
as introduced European species. In the construction of the adobe bricks 
weeds of all kinds were used as a binder, particularly those with fibrous 
stems, including filaree. Red -stem filar ee {Er odium cicutarium) was 
found in various adobe structures of missions constructed between 1797 
and 1834 in various localities of California. They state: ‘‘The mere 
finding of these plants does not prove that they were introduced by the 
missions, but when the same weed occurs repeatedly in widely separated 
localities, and when it is remembered that many of these weeds char- 
acteristically follow in the wake of cultivation, it would seem that the 
missions must have played an important part in their dissemination, if 
not in their actual introduction.’’ 

If red-stem filaree was introduced into California, then in all proba- 
bility the original native host plants, on which the overwintering adults 
fed and deposited their eggs and on which the spring generation devel- 
oped, have been greatly reduced in numbers on the plains and foothills 
through competition with red-stem filaree and other introduced pasture 
vegetation. The original native host plants of the beet leafhopper on 
the plains and foothills in California remain unknown up to the present 
time. However, to assume that the leafhopper changed its egg-laying 
habits from the perennial shrubby saltbushes to red-stem filaree in 
California does not seem plausible. j\s already stated, the perennial 
saltbushes were ])robah1y not the original host ])lants on which the 
spring generation developed but simply serve as food plants of the 
autumn generation during dry autumns. 

According to Carter the perennial plants were the principal hosts 
of the insect before the advent of the now widely scattered introductions, 
and through natural balance the predominance of the beet leafhopper 
was prevented. 


DTSPERSAL AND MIGRATION 

Such terms as “dispersal,” and “migration” have in the past been 
used loosely and interchangeably by entomologists. Tutt^**^^ has pointed 
to the advisability of discriminating “between those movements which 
are made by insects from one part of their ordinary breeding grounds 
to another and those which make sudden and sweeping changes of loca- 
tion far outside of their natural breeding grounds.” He has used “dis- 
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persar^ for the former, and “migration” for the latter.^ When insects 
migrate outside of their natural breeding areas, the migrants or their 
offspring are exterminated by unfavorable climatic conditions. 

Accordingly, in tliis paper, dispersal of the beet leafhopper has been 
used for spring and autumn flights witliin the natural breeding areas, 
not resulting in extermination of the insect. Spring dispersals are the 
flights from the uncultivated plains and foothills into the cidtivated 
areas, and the autumn dispersals are return flights from the cidtivated 
areas to the uncultivated plains and foothills in California. Migrafion 
of the beet leafhopiier has been used for flights outside of the natural 
breeding areas, resulting in the death of the offspring of the migrants. 

Balb“^ suggests that the flights of tiie beet leafhopper ^'are in the 
nature of migration, northward in the spring and south vNard in the 
fall.” There is no evidence to show that a return, autumn, southward 
migration from the migratory regions to the natural breeding areas 
occurs with the beet leafhopper in California. 


Spring DjspersM; in San dr»AQTTTN Vali;ey 

Loral Flights in Foothills , — In years when the jiasture vegetation did 
not dry too rapidly, an enormous congregation of spring-generation 
adults occurred near the San Joaquin (mtrance of Tn'ttle Panoche Pass. 
At sunset the insects became active, flew higher than during the day- 
time and oft(‘n came to rest on one’s clothes or on the automobile, and 
the peculiar sexual behavior occurred as described in a previous pa- 
y)er.^‘'^' The flights of the leafliopyiers fartlier uyi the yiass were toward 
the entrance, corresyionding to the direction of the wind at sunset. There 
were years in which more rain fell near the summit than near the 
entrance of the pass and no congregations occurred toward the mouth of 
the pass. The adults were then found to be more abundant toward the 
summit (fig. 15). The leafhopyiers yuefer gravelly or rocky sloyies in 
Little Panoche Pass, but when the yiasture vegetation dries too ray^idly 
in such localities they fly to green vegetation. Tt appears that the 

^ This use of the word * ^migration ' ’ differs from its use with birds, fishes, and 
eertaiu other animtals, where it is restricted to regular movements tliat constitute 
a racial custom wdth a hereditary basis and include a return journey either by the 
migrants or their offspring. (See, for example, the dennition given by Thompson. ^^2) ) 
Such movements rarely, if ever, occur with insects. Tutt,^43) 'who has assernlded the 
facts bearing on the migration and disy>ersal of insects that have been recorded in 
the entomological literature during the last century or more, states: '‘As a matter 
of fact, it has never yet been thoroughly shown that the progeny of any [insect] 
immigrants, which have settled in new quarters, have returned to tiie home of their 
ancestors, although it has been considered, highly probable in the case of certain 
locusts, and suggested also in the case of one butterfly, Anosia archippusA^ 
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stnij^'^le for frivorabie food is the stimulus whieli (causes tlie insects to 
fly from one locality to another in this mountain pass. 

Into Cultivaie(l Areas , — Tlie observations on the spring dispersal of 
the beet leafhoppers from the uncultivated ])lains and foothills into tlie 
(Oiltivated areas of the San Joaquin Valley were made during the 1919 
and 1925 outbreaks of tlie pest, and in years when tlie population was 
not at tlie maximum in numbers, Lar^e flights from the foothills into 
the cultivated districts usually occur during warm, sultry, calm eve- 
nings. During the s])rmg of 1919, three immense swarms of pale-green 
Ieafho])pers flew from the uncultivated plains and foothills into the 
cultivated regions of the San Joaquin Valley; one in the upper or 
southern part of the valley on Ai)ril 8, another in tlie middle portion on 
April 14, and the third in the northern or lower section on April 28. 
It is not to be assumed that all of the leafhoppers acquired the winged 
stage and flew into the cultivated districts on the dates mentioned. In 
the middle ])art of the valley, nymplis and adults Avere still abundant 
on green patches of |)asture vegetation on April 28. No nymplis were 
(‘aptured on dri(‘d T)asture vegetation on ]\Iay 14, and the adults Avere 
scarc(‘ on ])(*r(Minial [)lants. It is (nudent that later fliglifs ocauirred, but 
after the invasion of tlx* first larg(‘ swarm into the cultivated regions, it 
is ditlicult to det(‘rmin(‘ further movements From th(‘ ])lains and foothills, 
owing to flights Avhi(*li ocunir from unfavorable to favorable food ])lants 
Avithin the cultivated regions. 

During the summer an occasional adidt was takem on various plants 
growing on the plains and foothills and in mountain ])asses (fig. 16), 
showing that not all of the leafho])])ers fly into the cultivated areas 
during the spring dispersal. 

In the soutliern section of the San Joaquin Valley, the beet fields were 
swarming Avith pale-green adults after the flight from the rnicultivated 
plains and foothills had occuirred. An examination of the vegetation in 
the (k)nner beet districts showed that there Avas a scarcity of annual 
saltbushes at the time that the iiiva.sion of the ])est occurred, and this 
may account for the enormous congregation of the leafhoppers in the 
beet fields. During 1918, saltbushes made a normal growtli, hut in the 
s])ring of 1919, the saltVmshes in the same localities, except in irrigated 
fields, made only a short growth and died, OAving to a dry season. 

When the immense swarms of beet leafh()])pers fleAv into the culti- 
vated regions on April 14, 1919, they were found during the next day 
generally distributed on green vegetation, Init later they congregated 
on their most favorable liost plants for the ])urpose of feeding and egg- 
laying. Large numbers of pale-green adults were found during the 
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17). SvmiMiit of .l^'lno('ll(‘ I’ass, showing oNcrjc^i-a/.fd hills sparsc-Iy covcrc'cl with 
])aHtnr(‘ at ion, Ili(‘ most favorahlo hal»itat of Iho Ixad h'liflioppoi'. 



Fig. 1(). Kodsoalo or rod oraoho {Atriplex roam Linn.), growing in a mountain 
pass. After the spring disi»ersal the beet l(‘afh()|)])er8 are gemn'ally distributed on 
annual saltbushes in the foothill regions, showing that not all of the le.af hoppers fly 
into the cultivated areas. 
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spring on liussian tliistles and dift*er(int species of saltbnslies, but these 
same plants were dry in eJ idy except in irrigated fields. 

A few days were spent in the field to determine the northern boundary 
of the swarm. With the assistance of W. fJ. liartung and the fieldmen of 
the Spreckels Sugar Com])any, the limit of the northern flight was 
found to follow roughly tlie Tuolumne River. The pale-green adults 



Fig. 17. lines sliowing iiiovemeiit of air from sea over California. 

(From H. B. Byers.) 


were taken in beet fields and on other host plants from the Coast Range 
to tlie foothills of tlie Sierra Nevada Mountains, a distance of about 
50 miles. 

A few pale-green adults were taken in the beet fields at Manteca on 
April 19, 1919, but they were very abundant in the northern San Joa- 
quin Valley on April 28. 

In years between outbreaks there was a gradual increase of the leaf- 
hoppers in beet fields and on favorable weeds in the northern San Joa- 
quin Valley, indicating that a succession of northward flights occur in 
the cultivated areas sometimes after the pasture vegetation becomes dry 




Jan., 1933] Severin: Field Ohservationfi on Beet Leafhopper 309 

oil the foothilLs. The prevailing' winds in the Han Joaquin Valh‘y are 
northwest (fig. 17) and apparently the insects fly against light north- 
west winds during their succession of northward flights, although calm 
spells often prevail at sunset. 

During 1922 Schwing^-*^^ reported that the spring flights which oc- 
curred on April 21 from the Panoc'lu^ hills extended as far north on 
April 23 as French Camp, a distance of about 85 miles. 

According to Schwing,''^ a higli j) 0 ])ulation of be(‘t leafho))])(‘rs oc- 
curred in the middle San Joacpiin Valley during the sj)rijig of 1929 
and were carried by northerly winds toward tli(‘ T(Jiacha])i Mountains, 
and lienee a low pojiulation of the insects occurred in tin* Sa(u-amento 
Valley. Tlie winds were continually blowing from the north, northeast, 
and nortliwest during May, carrying tin' leafhojipm's into tlie southern 
San Joaquin Valley. 


Spri no Mio ration k 

Jnio Sacramento Yalletf- The ap])earance of the lieet leafliojiper in 
the Sacramenlo Valh'y is associated with a sjiring migration from th(‘ 
San Joaipiin Vhdley. Fogs moving through Canjuinez Strait may dela\' 
the migration of the Jeafhop|)eT's into th(‘ Sacramento Valh\A'. During 
the spring evenings a high fog frequently extimds across the north(*rn 
San Joaquin Valley. During foggy days the leafhopjiers are sluggish 
and inactive, and wlum fogs occur befor(‘ sunset no act ivity is dis])Iayed 
by the adults. 

Schwing*“”^ found a gradual increase of the leafhopper on saltbushes 
in the northern San Joaxpiin Ahilley before, and a marked d(‘erease after 
a migration into tlie Sacramento Valhw. 

The large migratory flights of tlie leafhopyx'r into the Sa(*ramento 
Valley usually occur in May, while the spring disjiersal from the foot- 
hills into the cultivated areas of the nortliern and middle San Joaquin 
Vallc}^ occur in March or April. During the 1919 outbreak of the jiest, 
the first large flights of the spring dispersals from the uncultivated 
plains and foothills into the cultivated regions of the San Joaquin A^alley 
occurred on April 14 in the middle section and on April 28 in the 
northern section. In 1925 the spring disyiersal was unusually early ; the 
first flights occurred on March 29 and April 18, in the same i)arts of the 
valley. 

Flights of small numbers of leafhop])ers precede the large migration 
into the Sacramento Valley. The flights of the leafhopper during the 
1925 outbreak, observed by Severin and Schwing^'’'^* Avill serve as an 

® E. A. Schwing, in a typewritten report to the Spreckels Sugar Company. 
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ilhistralion. '^i'li(‘ first rooord of the spring’ inif^^rants (luring 1!)25 was 
obtained in tlie iidarul b(H‘t fields of the Saerainento Valley on April 29. 
The leafliopi)ers w ere j.»'enerally distributed but very searee in the island 
or delta country on May 2. A large flight of tlie ])est occurred on May 
Iri, Avith variable wands from the south, soutlnvest, and southeast blowing 
on May II to 12. No markuMl increase of the spring migrants o(^cllrred 
in the beet fields after May 22. The incr(‘ase in the numbers of insects 
in the l)(‘et fields from May 14 t,o 22 was [)robab]y by short flights from 
unsuitable to favorable food and breeditig j>lan1s. During l!)2r) Schwing 
observed a flight of the spring migrants in tlu‘ beet fields mair the city of 
Sacramento, The leaf hop] )ers weia^ flying every wIku'c and were settling 
on be(is at dusk about 7 : ()() p.m. on May 12. 

During 11)22 to 1921 the maximum s])ring migrations into Sacra- 
mento Valh'y occurr(‘d the following dates as detf‘rmined by S(ir\ving : 
1922, i\Iay 2o ; 1922, about May 25; 1924, May 15; 1925, May 12; 192(1, 
May 4; 1927, May 12; 192S, May 8; 1929, May 17; l!)2(), May 5; and 
1921, April 2(.). In all of these years small migratory flights occurred 
bel‘or(‘ the maximum s|)ring migration of the ])(\st into the Sacramento 
Valh‘y. 

ylc/7>s‘.s‘ Su'iysun Bay. — During the 1925 outbr(‘ak, the ])eet leaflioppers 
probabl}^ flew across Suisun Day to the beet ficids near Suisun and Najia. 

Jiiuick believed that the i)revailing southwest winds from Suisun Day 
blew the ieafho])pers away from the island or delta, regions tow’ard 
the inland distri(is. It W7is assumed that the (vfif'ectiven(‘ss of the w inds 
against leafho[)|)er invasion formed a triangle with tlie a]){vx at Suisun 
Da}'^ and tlie bas(‘ e.xtending roughly from Lisbon at th(‘ north, tli rough 
Thornton and King Island at the south. 

('arcpiinez Strait ])lays an important role in tin' direction of the wind, 
in the Sacramento Valley southerly winds ])revail, but they are usually 
rather w'eak. Th(‘ reason that Sacramento has southerly winds, w'hile 
Stockton, 48 miles to tin' soutlnvard, has northwa'st winds, is that tlie 
former is north of (iirquinez Strait and the latter south of it. Tin' move- 
ment of the winds from ( ■ar(punez Strait is from the soiitlnvi'st toward 
the inland districts of the Sacramento Valley (fig. 17). 

According to Mr, N. H. Taylor, of the I 'uited States Weather Dureau 
Office at Sacramento, the winds from Suisun Day are of maximum 
velocity from 4 p.m. to midnight, decrease after midnight, and are of 
least velocity during the early morning hours. Calm days are rare in 
the Suisun Day region during A]mi] and May, the months in which the 
migrations of the heet leafhopper into the Sacramento Valley occur. 

0 C. T. Lund, formerly Agriculturist of the Alameda Sugar Company, in a per- 
sonal interview wdth the author. 



Jan., 1933] 


Severin: Field Observations on Beet Leafhopper 


311 


When the leafh()pj)er migrates northward from tlio San Joaquin to tlie 
Sacramento Valley, the relation of the direction of the wItuI in tlie San 
Joaquin A^alley to calm days in the vicinity of Suisun Ihiy probably is 
important. Variable winds, such as north<‘ast, south, or west, occur in 
the San Joaquin Valley when it is calm in the Suisun Bay. South winds, 
liowever, do not often blow in the San Joa(|uin Valley during April and 
May. When the sea breezes from San Francisco and Suisun bays strike 
the Sierra Nevadas, the winds are deflected to the north, creating a 
soutli wind in the Sacramento Valley, and to the southeast, resulting in 
a northwest wind in the San Joaquin Valley, and tht'se winds prevail 
during the spring and summer. 

Before the enormous liordes of leafhoppers migrated into tlie Sac'ra- 
mento Valley during tlie spring of 1925, Severin and Schwing^*^^ stated 
that there seiuried to be no reason, with the information at hand from 
the Weatlier Bureau office, why it would not be possilile for the leaf- 
hop[)er to invade the island or delta districts in large numbers during 
the spring migrations if (*onditions are favorable in certain years. 

During tlie sirring of 1925 a higli popidation of beet leafhoppers 
o(*curred (ui tlie umodtivated ])lains and foothills in the middle San 
Joaxjuin '\hilli.\v, but tlic' ])asture v(‘g(‘tation driiMl up rapidly in the 
soiitlKMUi part of the valh^y, and tlie ]>oj)ulation tli(‘r(‘ ^vas reduc(Ml. A 
si^'cre outbia^ak of the pe.st (X'curred in cultivated areas of the San 
Joaquin and Sacramento valleys. During the S])ring of 1926 a high 
population occurred in the southern San Joaquin Valley and a low 
population in the middle section of the valley. A fairly low population 
of leafhop]iers invaded the* Sacramento Valley, it was assumed, there- 
fore, that the origin of the pest in the Sacramento Vall(\\' is from th(' 
middle and northern San Joaquin Valley ratlKU* than from tlie soul liern 
{lart. 

A peculiarity noted during tlie spring of 1926 was that a higher ])Opu- 
lation of leafhop])ers occurred on the Holland Tjand tract in the An’cinity 
of Courtland than in any other locality in the Sacramento Valley. 
Fifty acres were plowed under owing to curly top on tlie Holland tract, 
but early-planted beets Avere not seriously affected by the disease. There 
were 600 acres of beets on Jersey island, bordiu’ing tlie soutliern bank 
of the San Joaquin River, but the leafhoppers were (‘xtreniely scarce* 
in the beet fields, in the northern San Joaquin Valley the leafhoppers 
were abundant, and 50 acres of late-planted beets grown in i^nion 
Island were ploAved under. It is difficult to explain tlie invasion of a 
high population of insects on the Holland Land tiaud; by Avind directions. 

On April 14, ]92L the beet leafhop])ers flew into the cultivated areas 
of the northern San Joaquin Valley and extended as far north as AVood- 
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land in the Sacramento Valley on April 15, but no specimens were 
taken in the Meridian beet fields about 30 miles north of Woodland on 
April 16, nor on April 30. A low population of leaf hoppers occurs on 
the foothills from the Altamont Pass to the northern limit of the natural 
breedin^^ grounds. If the flights into the cultivated areas started from 
the northern canyons in the San Joaquin Valley, the distance to Wood- 
land would l)e approximately 60 miles. Leafhoppers have been taken 
on nettle-leaf goosefoot (Chenopodium niurale) as far north as Red 
Blufi'^“^' in the northern extremity of the Sacramento Valley. The dis- 
tance from the vicinity of the northern San Joaquin canyons to Red 
Bluff, probably covered in successive northward migrations following 
the cultivated areas, would be 150 miles. 

There is no evidence to show that a return’ autumn, southward migra- 
tion of tlie beet leafhopper occurs from the Sacramento to the San eToa- 
(|uin Valley. The slow southeastern flights parallel to the foothills at 
sunset in the San Joaquin Valley are movements within the natural 
breeding areas, and may be associated with the search for a favorable 
canyon or mountain pass or for food, or witli mating or peculiar light 
reactions. 

Inf o TAvermore V alley. — It has often been suggested that the beet leaf- 
hoppers mitrrate from Corral Hollow through the Patterson Pass into 
Livermore Valley, situated between the Inner aiid Outer Coast ranges. 
Niles and Dublin canyons and the Altamont Pass open into this valley. 
Ijeafhoppers are scarce during the spring on the foothills bounding 
Altamont Pass and on the foothills toward the northern limit of the 
natural breeding grounds near Pittsburg. No nymphs have been found 
on the foothills bounding Livermore Valley. 

Into flan FranxAsco Bay Districts. — ^When a low population of the 
beet leafhonpers occurs in the natural breeding areas, curly top rarely 
occurs in the San Francisco Bay districts. During the spring of 1927 a 
migration of the pest into the San Francisco Bay districts occurred, 
probably from the San Joaquin Valley; in that year about 5 per cent 
of the tomatoes were infected with curly top in the districts east of the 
regions between San Francisco and Monterey bays. Tomatoes were also 
infected Avith curly top in the Hayward district during the 1919 and 
1925 outbreaks of the leafhopper. During the spring of 1930 an occa- 
sional leafhopper w^as taken on common yellow mustard (Brassica 
caytmestris) near Pinole. 

During the 1919 and 1925 outbreaks of the leafhopper, beets planted 
at Berkeley W'Cre all infected with curly top. Mangelwurzel, or stock 
beets, planted during April at Berkeley were also found to be naturally 
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infected with curly top/^*^ During 1927, 1931, and 1932 the pest mi- 
grated into the fog belt of the San Francisco Bay district, and beets 
planted at Berkeley were again infected witii curly top. An occasional 
leafliopper was taken east of the Berkeley hills during the spring of 
1931, In all probability the flights of the leafhoppers were associated 
with southeast winds, spreading the insects into the San Francisco Bay 
districts from the San Joaquin Valley. 

Across San Pahlo Bay . — During the 1925 outbreak of the beet leaf- 
liopper the insects were present in the sugar-beet fields at Ignacio, cross- 
ing the San Pablo Bay in their spring migratory flights. 

Iiito Santa Clara Valley . — Spring migrations of tlie beet leafhoppers 
occurred into the Santa Clara Valley during 1919, 1925, and 1927, 
Curly top of sugar beets was more severe towards the upper end of the 
valley. Tomatoes were also infected with curly toj) in these same years. 
In years between outbreaks an occasional curly top beet was found, in- 
dicating that a low population of the ])est invades this valley. The leaf- 
hopper has been found lireeding in rocky localities near Coyote and Lick 
in the Santa Clara Valley, but this is a minor and temporary breeding 
area. In years of abundance the insect probably migrates northward in 
the Santa Clara Valley from the foothills extending from the Santa Ana 
Valley to the western entrance of Panoche Pass. 

Into San J nan Valley. — Schwing‘“'^ reported that March and April 
plantings were destroyed by curly to|) on one side of th(‘ river in tlie San 
Juan Valley while on the oj)posite side of the river INlay plantings pro- 
duced a good crop during 1921. The San Juan Valley is a continuation 
of the Santa dara Valley, and tlie origin of the beet leafliopper in botli 
valleys is probably the natural breeding area extending from Santa Ana 
to the western entrance of Panoclie Pass. Migrations into both valleys 
probably occur from the San Joaquin Valley. 

Into Salinas Valley . — It has b(‘en observed by llartung^'^’ tliat when 
south winds blew in the Salinas Valley during April or May, the beet 
leafhoppers were found in the beet fields in the fog belt. lie also noted 
that when winds blew from tlie east, soutlieast, or south, fogs were 
usually absent in this valley. 

During the dry season the trade winds entering tlie Salinas Valley 
from Monterey Bay during the forenoon blow with increased force as 
the upper or narrow portion of the valley is approached. Northwest 
winds prevail throughout the entire season (fig. 17). Their maximum 
velocity is usually reached in the early afternoon, and as evening ap- 
proaches they gradually decrease in force and nearly or quite cease 
during the night. The spring flights of the leafliopper from the foothills 
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into tlie eultivatocl arenas ])robal)ly occur (luring the evening or at night 
vvJkui tlie brisk winds cease blowing. 

During tlie dry season the fogs arise from the sea, sweei)ing through 
Monterc^y Bay and encroaching upon the land very suddenly. The spring 
migrations into tlie fog licit from the upper end of the valley apparently 
are associated with southeast winds and occur when fogs are absent in 
the Salinas Valley. 

Tlie spiring flight from the semiarid breeding ('enters to the fog-helt 
districts must he c()nsi(hM*ed a migration. No return flights occur from 
th(^ coastal ri'gions to the natural breeding areas. 

For many years the evidence was lacking that the leafhopper mi- 
grated from the San Joaquin into th(‘ Salinas Valley. The fact that the 
If'aflioppers after the s])ring dispersal are found on favorable weeds 
growing along roadsich^s and in cultivated areas in mountain passes is 
no evidence that the insects migrate through th(» mountain ]>asses. There 
vised to he a large alkali sink near Bitterwater and another near ( fliolame 
cov(‘red with annual saltbushes on wliich the insects were found during 
the spring, summer, and autumn. When red-stem filaree Ivecame dry on 
the footlrills the insects left the plants and assembled in the mountain 
])asses on favorable food and breeding plants, on whieli tlie summer and 
autumn generations developed. 

A sudden increase in tlie number of leafhoppers in tlie beet fiidds may 
be associated witli a large flight from the foothills of tlie Salinas Valley. 
When the pcwiod of the spring disyiersal from the natural breeding areas 
in the Salinas Valley is considercil, and a (MUicentration of leafho])[)ers 
in a valley from 7 to miles in width and beet fields scattered from King 
City to M()nt(‘rey Bay, a distance of rij miles, a relatively low population 
on the foothills may result in a higli ])opulation in the beet fields, esjie- 
cially outside of the fog belt. 

During the period of 1918-1921, the first appearance of the ])a1e 
green adults of tin' spring generation in the cnltivattMl areas of the 
Salinas and San Joaquin vali(*ys was as follow^s : 


Salina,^ Valley 

1918: May 8, King City 
1919 : April 2, King (Jity 
1920 : April 22 to 28, King City 
1921 : April 25 to 30, King (bty 


San Joaquin Valley 

1918 : April 24, upper 
1919 : Ajiril 8, 14, 28, upper, middle, 
lower 

1920: April 23, upper 

1921: April 6, 14, upper, middle 


During the spring of 1920 the flights in the San Joaquin and Salinas 
valleys occurred at the same time, Imt during 1918, 1919, and 1921 the 
flights in the San Joaquin were earlier than in the Salinas Valley. 
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During tlie sjiring of 1922, Seliwing" was convinced that tlie beet leaf- 
hoppers migrated from the San Joaquin into tlie Salinas Valley. The 
seasonal rainfall at the Spreckels ranch near King (Tty was 13.15 
inches^ and the monthly rainfall was as follows: September, 0.15; 
October, 0.12; November, 0.28; December, 5.33; January, 3.36; Febru- 
ary, 2.26; Mareli, 1.09; April, 0.28; and May, 0.28 inches. The winter 
was unusually cold. He failed to find the leafhopfier on the foothills near 
King City, San Ardo, Bradley, and Indian Valley and none were found 
on early-planted beets in the cultivated an'as. A survey of the Panoclie 
hills showed that few leafhojipers had acciuired the winged stage oii 
April 17, but in early May a high population occurred on these same 
hills. An enormous spring migration of leafhoi)pers must have occurred 
from the San Joa(|uin into tln^ Salinas Valley oji May 15 ; from 20 to 100 
adults to 100 feet of beet row were estimated on May 16™ 17 in the l)eet 
fields near King City, (rreenfield, Sohalad, Gonzales, and Chualar. 

During the spring of 1925 two large flights of the leafliop])ers oc- 
curred in the Salinas A^alh‘y. The leaf hoppers were abundant in the 
beet fields in tin* iiitcTior regions and fog belt of the Salinas Valley on 
Mar(*h 27. As stattsl in a pr(*vions |)ap(‘r, the early develojiment of 
the spring generation was associated wilh a warm dry winter. Tlie 
jiastvire vegetation became dry in -lanuary (‘xcept on the north slo])es 
of the eastern foothills in tlie upper Salinas Valh'v. Tlu^ root system of 
red-stem filar(‘e (fig. 18) was not destroyed by the drought, and this 
plant lieeame green again after early February rains. A dry ])eriod 
occurred from February 22 to March 26, with a limited amount of rain- 
fall— 0.11 inches on Marcli 9 and 10. Tlie (‘arly flighls in the Salinas 
Vbilley betwiMui March 24 and 26 weri‘ jirobably associated with tin* 
scMiond drying of tlie pasture v(*g(‘tation. 

A. sei'ond large' flight ocemrred into the Salinas Valley on Ajiril 12, 
and the inse'cts were also found in the San Felijie and Watsonville beet 
fields. After the scM'.ond large flight occurred, a thorough search failed 
to reveal the presence of a single nymph on the eastern foothills Ixnind- 
ing the Salinas Valley. I^ale-gTCi'u adults of the sjiring generation were 
found in all canyons and mountain pass(*s (*xamined from (hiualar to 
San Miguel. In (Oiualar Canyon and Gloria Valley, situated in the fog 
belt, adults were taken, but no nymphs have ever been found in them. 
The fact that the adults were found on the foothills witliin the fog belt 
seems to indicate tliat a migration occurred from tlie San Joaquin 
Valley. In the mountain passes between King City to Bitterwater and 

7 E. A. Sell wing, in a personal inter view. 

« According to tlic TTnitod States Department of Agricnltiiro \V('atlicr Bureini sta- 
tion at King City, 12.12 inches was the seasonal rainfall. 
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San Lucas to Coalini^a, also in Keliz Canyon near Greenfield, and Panelio 
Creek near San Ardo, low-flying specimens were observed during: the 
morning before the heavy winds began to blow. 

Another trip was taken to the Salinas Valley on April 27-29. Tn 
Chualar Canyon only 7 adults were taken during one half day. The 
adults were still abundant in canyons and mountain i)asses outside tbe 
fog belt but no nymphs were found. Nymphs, however, were bred in the 
greenhouse from eggs deposited in red -stem filaree removed from 
canyons and mountain passes. Late st>ring rains fell during March, 
April, and May in the Salinas Valley, and the x)asture vegetation which 
normally becomes dry during April or May remained green until Juth*. 
A y)artial second brood developed on the foothills from eggs deposited 
by the migrating insects. 

During the spring of 1927 the evidence indicated tliat the beet leaf- 
hoppers migrated from the 8au Joa.quin into the Salinas Valley. The 
first warm days for several weeks occurred on April 20 and 21, and the 
pasture vegetation had dried considerably on the foothills in the middle 
San Joaquin Valley. Schwing observed, on April 21, sliort flights on 
tlie foothills in the vicinity of (/oalinga, and during the daytime on the 
(hintiia hills and in Big and Little Banoehe ])asses. During the early 
evening on April 21 a light east wind was blowing which later changed 
to southeast. 

According to Schwing,*’ the adults of the spring generation were not 
found on April 20 on favorable host jdants growing in tlie cultivated 
areas near Manteca, Turlock, Merced, Chowchilla, and Fresno. During 
the afternoon and early evening on April 21, no leafhopj)ers were talcen 
on saltbushes, Russian thistle, and lam])^s quarters (Chenopodiiim 
alhvm) from the l^anoche hills to Merced, and east of Oro Loma. A 
return trip was made from Merced to Oro Loma on April 22, and the 
leafhoppers were taken on favorable weeds which had been swe])t during 
the previous day. An examination of Little and Big Panoche passes 
showed that a large flight had occurred from these mountain ])asses. 

The leafhoppers flew with east winds from the San doaquin into the 
Salinas Valley on April 21 , 1927. Schwing sent the writer a telegram on 
April 21, stating that tliey were congregating in the entrance of Little 
Panoche Pass and that east winds would probably carry them into tlie 
Salinas Valley. The next morning leafho])pers were found basking in 
the sunslune on the upper surface of the beet leaves at King (lity. A 
very low population of the insects occurred on the eastern footliills 
bounding the Salinas A^alley previous to the migration. 

» In a typewritten report to Spreckels Sugar Company. 
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There are two possibilities in regard to tlie paths of the migratory 
flights from the San Joaquin into the Salinas Valley ; the leaf hoppers 
flew either through the mountain i)asses or over the Inner ('oast Range 
and the Gabilan Mountains. The general distribution of the leaf hoppcsrs 
in the canyons and mountain passes from Chualar Canyon to San Miguel 
during 1925 indicates that a mass movement of enormous hordes of leaf- 
hoppers from the uncultivated plains, (;anyons, and foothills in the San 
Joaquin Valley took place over the mountain ranges into the Salinas 
Valley. 

Into Soul hern (Uruniics . — During the 1919 outbreak of tlie l)eet leaf- 
hopper, spring migrations occurred in all of the j)rinci])al beet centers 
located in the fog belt of San Luis Obis]:>o, Santa Darbara, Aventura, Los 
Angeles, and Orange counties. In regions outside of the fog belt tlie 
insects were abundant and curly top was severe. 

An outbreak of (uirly topi occurred in the territory of the 1 iuion Sugar 
(kimpany during 1925 and it was estimated that about 25 per cent of the 
crop was lost. The leaf hoppers invad(‘d the beet fields duriTig 1922, 
1926, and 1927 ])ut no serious losses from curly to]) were sustained. 

Although it was assumed that th<» leaflu)])])ers migrated from tlu^ 
southern San Joaquin Valhy into the coastal regions of these southern 
counties, no accurate map])ing of other natural breeding areas has been 
attempted u]) to tlie present time. 

Method of Migrafion . — A (‘(wording to Carti'r^'" ^^The apj>earance of 
the insect in areas separated from its natural breeding ground by high 
mountain ranges (‘annot readily be explained by a teleological theory of 
migration. Tlie insect is (nxtrernely small and of liglit wiught, and the 
slightest ground breeze will carry it for yards. It does, however, mi- 
grate, and should it encounter strong' winds it is (juite conceivable that 
it might be lilown into iiiiper air currents and by tliem be transjiorted 
(in what must practically amount to cohl storage, since these up|)er air 
currents are often of very low tem])erature) for long distances. 

In California U])])er-air soundings have been made by airplane and in 
sounding balloon ascensions. There is conclusive evidence that along tlie 
coast there exists an up])cr stratum of Avarmer and relatively drier air. 
Air soundings have been mad(‘ by airplane at the naval station on North 
Island, San Diego Bay, since January, 1923. Tlie results of 35 afternoon 
flights during July and August, 1924, indicate according to Blake^^* that 
there is a decrease in temfierature up to 500 meters, tlien an increase up 
to 1,250 meters, and another decrease parallel with the first, from that 
altitude upward (fig. 19). Blake writes: 
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As auticipatod, the lowesf tonipc*r;«turos were roiicljod ni tlio av(>niK(‘ l(‘\ol of iho 
top of the clouds, the d(‘creaso for the tirsi r>00 meters averaging O.d® C per JOO 
meters, or 0.4° C less than the adiabatic rat<‘ of dry air. Ibom oOO to 1,230 meters 
a rise of 7.2° C is shown, and from 1,2.30 meters on the temperature fall is at the 
same rate as the initial decrease, or 0.6° C for each 100 imdcrs. Surface bunperatures 
corresponded geneimlly with those found at 1,800 or J,f)00 nu't(‘rs. 

Naturally the relative humidity and tejn])erature ciir\(*s ])afallel eacli olhro ratluo- 
closel.y but in an inveise sfuise | tig. 19 [. 



tribntion during suirimei months o\(‘r San Diego. (After 0. lilake.) 


Byors'*’^ in flying over the Santa Clara Valley and Monterey Bay 
during inidafternoon at an altitude of 1,400 meters and in passitig over 
the Santa Cruz IMonntains experienced no eooling off. The deseent to 
land at Oakland produced a sensation similar to stepping into a refrig- 
erator. The temperature on land was 17'' 0, and a moist breeze was 
blowing at a moderate rate from the west. 
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Anderson^'^ states that ‘Muring the summer the inversion ordinarily 
extends from southern Washington to a point 800 to 1,000 miles south 
of San Diego, west from the coast for a distance of 200 to 300 miles, and 
over the land areas between the ocean and the Coastal Range/ ^ 

Blake^^^ states : 

The eastern limit of the summer temperature inversion here in the soutli is not 
fixed, and the extent of the stratum varies not only with topography, but also with 
the changes that take place in the controlling weather factors. At times the cloud 
layer, which is used as an index to the extent of the stratum of cooler air from the 
ocean, is found a short distance only over the land, while again it penetrates some 
distance over the valley into the mountains. 

I think that it may bo assumed that in central California the inversion will be 
found usually extending to the Coast liange, and at times penetrating through the 
passes you have mentioned [ Pacheco, Little and Big Panoche, Coalinga — King City, 
and Cholame]. 

Beyond the Coast Jlange, the descending currents on the lee side give rise to 
dynamical heating and the inversion is not possible. For this reason it is almost 
certain that the inversion common to tlie coast will not be found as such as far inland 
as Stockton, but might reach at times to Antioch. 

Byers‘S wrote as follows: 

Your question concerning the vertical temperature distribution above the San 
Joaquin entrance to various passes in the Coast Range is almost impossible to 
answer Ix'cause free air soundings are completely lacking in that region. 

Surface observations from that locality and also observations from Mount Ilamil* 
ton and a few observations 1 have made in flying over this region indicate that 
during most of the day there is no well-defined inversion over the San Joaquin 
(uitrances, aJtliough it is usually well marked during the morning and night at the 
western ends of these passes. In the late fall, winter, and early si)ring during periods 
wdien there is no cycloiuc activity, very strong inversions build up in all the valleys 
and canyons of the Coast lianges and in the San Joaquin Valley as well. At this time 
there is no sea breeze, but the air is practically calm at the surface with a movement 
from east to west at higlier levels. On numerous occasions temperatures of 50 to 
00® F have been observed at Mount Hamilton when in the valleys all around it was 
near freezing. 

The spring' flights of the beet leafhopper have frequently been ob- 
served at sunset during calm evenings in the eastern entrance of Little 
Panoche Pass. The flights could be followed out of the entrance of 
Little Panoche Pass at sunset, but the flight of an enormous swarm out 
of the pass has never ])een observed. The flights appeared to be associ- 
ated with ascending air currents at dusk. The ascending air currents 

10 Blake, D., hitter to the author dated February 15, 1932, in response to a question 
as to wdiether he believed temperature inversion occurred above the San Joaquin 
entrance of certain passes, 

II Byers, H. R., letter to author dated February 16, 1932. 
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may carry some of the leaf hoppers into the upper air stratum and here 
they may drift and fly long distances, possibly over mountain ranges. 
Their presence in the upper air could be determined by airplanes 
equipped with insect-collecting traps carried between the wings. 

According to Byers, a movement of the higher air from east to west 
occurs during early spring, when there is no cyclonic activity and the 
air is practically calm at the surface, and the leafhopper could readily 
be transported by the higher winds from the San Joaquin Valley into 
the Salinas Valley. 

The following examples of migrations of the beet leafhopper in other 
states and islands may represent transportation of the insect by upper 
air currents rather than by surface migrations through successive flights 
from the natural breeding areas. 

Ball^^^ has found the beet leafhopper in abundance on the snow on 
Pikes Peak above 14,000 feet and has captured examples on the Beaver 
Mountains at 12,000 feet. They were swarming near Panguitch, Utah, 
at an elevation of 7,000 feet, just at the time the immense swarms swept 
over the beet regions of Utah in 1915. 

Whirlwinds may have carried the leafhopper to these high altitudes or 
the insects may have been transported by the higher winds. 

During 1926 Carter^^^ found the beet leafhopper on the east side of 
the Continental Divide in Montana and a reasonable interpretation was 
that these specimens represent the few straggling individuals which had 
survived a long-distance migration. Migrations from the breeding 
grounds in Idaho and Washington probably occur into the Bitterroot 
Valley and Flathead (Kalispell) districts of Montana. 

Severin and Severin found that curly top of sugar beets occurred 
on rare occasions in the l)eet fields of the west-central part of South 
Dakota. Sweepings with an insect net from the most favorable host 
plants of the beet leafhopper failed to include a single specimen. It was 
demonstrated, however, that previously noninfective beet leaflioppers 
transmitted curly top from South Dakota diseased beets to healthy beet 
seedlings under greenhouse conditions in California. If the beet leaf- 
hopper was responsible for the diseased beets which were found in 
South Dakota, there is a possibility that the insects migrated into west- 
central South Dakota from regions outside of the state. 

According to BalP^^ curly top of sugar beets has been reported from 
Nebraska and Kansas. In all probability Kansas and Nebraska are out- 
side of the range of its natural breeding grounds and the beet leafhopper 
migrated into these states. 
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Carter^^^^ reported tomato curly top transmitted by the beet leafbop- 
per in MuHcatine, Iowa, as probably a case where the insect migrated out 
of its normal range into areas where it cannot survive. 

De Long^'"^ collected nymphs and adults of the beet leaf hopper in 
abimdant numbers at Miami, Florida, on sea purslane {Sesuvium portii- 
castrum L.) growing natively on the upper beach and sand dunes of the 
bays and inlets of the Atlantic Coast. They were collected during A])ril, 
1921. Ball visited the same localities in Florida in later years l)ut failed 
to collect the ]eafho])per. Whenever the leafliopper migrated into the 
coastal regions of (Jalifornia it failed to establish itself. In all j)roba- 
bility the leafho])per migrated to Miami, Florida, from the southwestern 
part of the United States or northern Mexico. 

IlendersoiP"^'' failed to iind the beet leafliopper on Isla Raza on May 
16, 1928, whereas Van Duzee^^"^ captured many specimens on April 21 
and May 4, 1921. A migration of tlie pest probably occurred from 
Lower California to Lsla Raza during 1921. 


Summer Dispersal in Sacramento Valley 

An attempt was made to determine the longest distance that the 
adults of the summer generation flew to reach tlie late-planted t)eet 
fields in the Sacramento Valley during 1925. In many fields of un- 
thinned and thinned beets examined in June, only a low percentage of 
curly top was present, owing to the fact that these beets had germinated 
after the flights of the spring migrants had ceased. The nymphs of the 
summer generation began to acquire the winged stage about July 1, 
and a gradual increase of the adults occurred in late May, June, and 
July 2)lantings. One field of 100 acres of unthinned beets contained at 
least one leafliopper to each beet on July 14. There were no other beet 
fields within 15 miles on the north, east, or south ; the nearest beet field 
was 3 miles to the west. The adults of the summer generation must, 
therefore, have flown at least 3 miles to the 100 acres of unthinned beets, 
although some of them probably invaded the late-planted beet fields 
from weeds growing in the vicinity. The flights may have been influ- 
enced by the prevailing winds from Suisun Bay. In all probability the 
flights of the adults of the summer generation from one beet field to 
another was associated with a food stimulus. An examination of the beet 
fields planted in March, April, and May showed that many of the beets 
had died owing to curly top. Extremely hot weather had scorched the 
outer leaves of the beets leaving a tuft of diseased, thick, leathery leaves. 
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Summer Migration from San Joaquin Vali^ey 

During' the 1919 outbreak of tlie beet leafhopper, summer migrations 
from the San Joaquin Valley occurred. During the spring thousands of 
leafhoppers were found on various species of saltbuslies in the southern 
San Joaquin Valley, but in July it was difficult to secure 100 adults on 
these same plants. In the Connor and Corcoran beet districts the sugar 
bf^ets were mostly dead owing to curly top, but the adults were scarce 
on the green innermost leaY^es with dried outer foliage of such beets as 
could be found. Sweepings were made on some of the most favorable 
host plants, such as the saltbushes growing in and along the margin of 
beet fields, but the leafhoppers had not assembled on these plants. 

In the middle San Joaquin the beet leafhoiipers Avere extremely abun- 
dant on Russian thistles and various saltbuslies during April, but in 
Jul 3 " the adults Avere rare on these plants. Along the roadsides and in 
the fields that had not been irrigated, Russian thistles attained a few 
indies of growth and died during the spring OAAung to a shortage of rain 
and ])robably also to the drain of enormous hordes of leaflioppers. 

In the northern San Jofiquin enormous numbers of adidts had congre- 
gated on June 26 on Afriplex hractcosa groAAung among diseased beets 
in the vicinity of Hatch Station. The foliage of these saltbuslies was 
covered Avith droplets of clear excrement Avhich glistened in the snn- 
sliine. Wlien a person walked past one of the weeds, so that a shadow 
Avas throAvn on the plant, a SAvarm of leaflioppers flcAv up. Nymphs Avere 
still abundant on sugar beets with green innermost leaA^es and dried 
outer foliage. The next Ausit to these beet fields on July 5 shoAved that 
most of the insects had left the saltbushes and that a summer migration 
had occurred. Another assemblage of leaflioppers Avas obserA^ed on 
A. hractcosa on July 26. 


A VTV M N D I SPERS A h 

In San Joaquin Valley. — The earliest record of tlie return flights to 
the foothills of the Coast Range in the northern San Joaquin Valley 
was on October 8, 1919, before the pasture vegetetion germinated. Dur- 
ing 1919 the plants and foothills were not covered Avith green pasture 
vegetation until after the rains fell on December 1 to 6. A few adults 
were taken in each SAveeping on Bermuda grass {Cynodon dactyl on) 
growing along a creek in a canyon. An occasional specimen was taken on 
tar weed {H emizonia virgata) and on Eriogontnn angnlosum. 
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In the middle San Joaquin Valley the adults were captured during 
October, 1919, on perennial plants growing on the uncultivated plains 
and in canyons and mountain passes. The insects were also taken in 
large depressions and squirrel holes on the plains, where the insects 
probably sought the shade. 

During November, 1919, the autumn dispersal of the leafhoppers to 
the foothills was at its maximum in the northern and middle San Joa- 
quin Valley. The insects were most abundant on perennial plants grow- 
ing in canyons and mountain passes. In canyons perennials were usually 
abudant in dry streamways, tributaries, and drainage furrows. Speci- 
mens were also taken on tree tobacco {Nicotiana glaiica) and pepper 
trees (Schinus molle) . 

An attempt was made to study the movements of the leafhopper near 
and in the entrances of canyons in the northern San Joaquin Valley, 
but only an occasional specimen was captured flying south about 3 to 4 
feet above the surface of the ground. The windshield of an automobile 
facing the setting sun attracted dozens of adults, wliich exhibited a 
peculiar sexual behavior. The automobile was stationed about H to 1 
mile outside the mouth of various canyons, and in every case the leaf- 
hoppers settled on the machine in a few minutes. Several miles from 
the foothills, the leafhoppers were attracted to the auto in stubble fields, 
plowed fields, and in a graveled road between two plowed fields where 
no green food w'as available. The reflected light rays from the setting 
sun on the windshield may have attracted either the higher-flying in- 
sects moving from the cultivated areas to the foothills, or possibly those 
which had settled on the ground before reaching the foothills, since 
low-flying specimens were rarely taken on the wing. 

In the northern San Joaquin Valley cultivation often extends to the 
base of the foothills and occasionally to the hills ; hence a more favorable 
locality to study the flights was found in the middle section of the valley, 
where the plains and foothills are covered Avith pasture A^egetation. 
Whenever the automobile was stopped on the plains so that the wind- 
shield faced the setting sun, the adults assembled on the car and the 
pairing of the sexes was observed. By sweeping with an insect net an 
occasional specimen was captured in the dry pasture vegetation growing 
on the plains. When the hillsides became partly shaded, dozens of low- 
flying leafhoppers could be ])lainly seen slowly flying southeast down 
the valley following the general direction of the foothills. No similar 
movement of leaflioppers was observed on the plains (fig. 20, P) from 
% to 3 miles aA\ay from the foothills nor in the cultivated areas. The 
flying leafhoppers appeared white in color and hence could, be dis- 
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tiriguished easily from the multitude of other insects hovering in the 
air at sunset. In the sunshine they became invisible about 15 feet above 
the surface of the soil where a background was lacking. 

The flights of the leafhoppers were also studied on November 11 to 13, 
1919, in Wild Cat Canyon, situated about 5 miles west of Oro Loma, 
where they were extremely abundant. When the sun warmed the foot- 
hills occasional specimens were observed on the wing at about 11 a.m. 



Fig. 20. AVild Cat Canyon, 5 miles west of Oro Loma. SE, southeast foothill ; 
NW, northwest foothill; P, plains, showing perennials which serve as food plants 
of the beet leafhopper during dry autumns, before tlie pasture vegetation has germi- 
nated. After the pasture vegetation germinates the beet leafhoppers leave the 
perennials and are found on red-stem filarcc {Erodium cicutarium) growing on the 
plains and foothills. 

in the mouth of the canyon, where they flitted about here and there, 
probably in search of food. At 4 :30 p.m. the adults were common in the 
air, and at 5 p.m. the activity was at its height and continued until 
shortly after sundown. The flights of the insects could be seen across a 
dry creek with the southeastern foothill (fig. 20, SE) bounding the en- 
trance of the canyon as a background. Some of the leafhoppers flew 
across the sunny canyon, and when they entered the shadow of the south- 
eastern foothill, they settled to the ground; others flying higher con- 
tinued southeast along the Coast liange. The foothills situated on the 
southeastern side of the entrance to the canyon were higher and pro- 
jected out farther than the northwest hill (fig. 20, NW), and as the 
syn was sinking behind the mountains the former became shaded sooner 
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and the latter cast a larger shadow on the plains. An examination of the 
southeastern foothills showed that the leaf hoppers were abundant in 
dry pasture vegetation and on perennial shrubs, on which the sexual 
behavior was observed. A striking peculiarity was the fact that they 
were common on dry pulverized soil along the steep banks of the creelc. 
Enormous numbers had assembled on Atriplex polycarpa growing on 
the banks and bottom of tlie creek. Investigations were made 1 mile up 
the canyon, and the same relative abundance Avas found on dilTerent 
species of plants. The leafhoppers were frequently observed flying 
south in the sunny canyons. 

The leafhoppers do not fly in the vicinity of the foothills or canyons 
on cloudy days or when heavy winds are blowing. On November 18, the 
sky was overcast by dark clouds at 4 p.m., and it remained cloudy until 
near sunset, when it cleared for a few minutes at intervals. When the 
sun was shining, the canyon soon became warm, and occasional leafhop- 
pers were observed on the wing. They were attracted to the automobile, 
but when tlie sun was hidden behind the clouds, the tem])erature 
drop])ed and they settled to the ground. 

During the autumn dissemination a southward movement toward the 
foothills was observed by an occasional low-flying leafhopper. 8peci- 
niens attracted to the automobile were captured during the autumn 
flights in the cultivated areas, and when they were lil)erated the general 
direction of flight was southerly towards the foothills in the northern 
l)art of the valley. The insects were set free daring an apparently calm 
si)ell, but when a handful of dust Avas thrown into the air, the compass 
indicated that the ])articles were carried in a southward direction. 
Similar tests were made on the plains in the middle of the valley; there 
the insects flew south when a nortli breeze was bloAving, or southeast with 
a nortliAvest breeze. 

During the autumn leafhoppers fly into the eastern and western en- 
trances of mountain passes in the inner Coast Range. In the autumn 
of 1919, they were found in the eastern and Avestern entrances of the 
Altamont and (Jholame passes. In the autumn of 1925 they were com- 
monly taken in tlie western entrance of Panoche Pass near Paicines. In 
the spring of 1925 and 1926 nymphs were abundant for a distance of 
about 5 miles in the western entrance of Panoche Pass. 

During October and November the activity of the leafhoppers is 
probably aroused by a lowering of the temperature at sunset, but during 
December flights have been observed during the morning and afternoon. 
During the autumn they have frequently been observed flying against 
light breezes in canyons and mountain passes. A study of the flights 
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at the moiitlj of canyons indicates that air currents blowing ont of the 
canyons at sunset are probably not tlie only stimulus wliich causes the 
leafliopj)ers to dy into tlie canyons, because many of the insects flew 
past the entrance and followed the contour of the hills or settled to the 
ground when they entered the sliade. Light reaetioiis at sunset may 
also i>lay a role in guiding them into canyons and mountain passes. The 
windshield of an automobile attracted hundreds of leafhoppers at sun- 
set ; they resembled the swarmijig of enormous numbers of insects 
around an electric arc lamp.^"'^*^ 

In f^acramento Valley . — An autumn dispersal of the beet leafhop- 
pers from the cultivated areas to the foothills of the Inner Coast Range 
occurs in the Sacramento Valley. In years wdieh an outbreak of the 
pest did not occur, a low population of dark overwintering adults were 
found in small valleys and canyons located in the eastern foothills of 
the Coast Range bounding the western side of the Sacramento Valley, 
in the southern part of the Sacramento Valley, the Montezuma and Yolo 
hills are mostly cultivated, and the foothills w^ist of Winters are covered 
with orchards and are not favorable wdnter quarters for the leafhoi)per. 
After the 1925 outbreak of the pest, the insects were taken on red-stem 
liJareci and W’eeds growing on the foothills of Vaca and Capay valleys 
and in canyons west of Dunnigan, Williams, Maxwell, and Willows. 
The dark overwintering forms w'(*re also taken on red-stem hlaree grow- 
ing on the west side of the Marysville Luttes, 

An investigation was also conducted on tlie foothills of the Sierra 
Nevada bordering the eastern side of tlie Sacramento Valley. The foot- 
hills are often rolling or merely undulating, and the timbered region is 
soon reached after leaving the valley slopes. The leaflioiiiier was rarely 
taken during the autumn on the foothills. Red-stem hlaree is not abun- 
dant on the hills and there is no indication on this side of typical beet- 
leafhopjier foothill breeding grounds. The locations investigated in the 
Sierra Nevada foothills w'ere : 7 miles northeast of Red Blutf; .10 miles, 
east of Chico; vicinity of Oroville; 12 miles east of Marysville ; vicinity 
of Newcastle ; and vicinity of lone. 

In Salinas Valley . — In the Salinas Valley the return flights of the 
dark overwintering adults follow the Salinas River and its tributaries 
flowing from the Gabilan Mountains bounding the east side of the valley. 
With the ai)proach of the rainy season the trade winds gradually de- 
crease in force. During November tliere are occasional days with calm 
evenings when the autumn flights of the leaf hoppex* to the foothills have 
been observed. Short flights from perennial to perennial were ob- 
served in the canyons. The movement of the leafhoppers from salt- 
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bushes covering a large alkali sink in a mountain pass at Bitterwater 
was not eastward toward the Inner Coast Kange but westward into the 
Gabilan Mountains. 

A blanket of fog usually covers the base of the foothills of the Sierra 
Santa Lucia Range as far south as Greenfield, a factor which is unfa-* 
vorable to the overwintering adults. 


Stimuli of Disi^ersal and Migration 

The spring-dispersal flights of the beet leafhopper are probably 
associated with a food stimulus; the adults fly from the uncultivated 
plains and foothills after the pasture vegetation becomes dry and invade 
the cultivated areas when the annual saltbushes are succulent and most 
favorable from the standpoint of food and egg deposition. The autumn 
flights of the leafhopper are probably also associated with a food 
stimulus; the insects fly from the cultivated territory when the salt- 
bushes and other favorable weeds become woody and dry. In the Salinas 
Valley, however, the dark overwintering adults left large beets and even 
small beets in experimental plantings during 1919, indicating that the 
autumn flights will occur regardless of whether favorable food is 
available or not. 

There does not seem to be any consistent relation between reproduc- 
tive stimuli and the spring and autumn dispersals of the leafhopper. 
After the spring dispersal about 8 per cent of the spring-generation 
adults that invaded the cultivated areas in the middle San Joaquin 
Valley were males and 92 per cent females. Most of the males remain 
behind on the uncultivated plains and foothills and are common on 
perennials after the pasture vegetation is dry, but are rarely taken 
during the summer and probably die. Dissections of females after the 
first spring flight into the cultivated areas had occurred showed that 92 
per cent had mature eggs in the ovaries. During the autumn flights, 
however, most of the males follow the females to the uncultivated plains 
and foothills, and mating occurs during the autumn. The dark over- 
wintering females are not at the egg-laying stage during the autumn 
dispersal; dissections of specimens collected in canyons of the Coast 
Range in the northern and middle portions of the San Joaquin Valley 
at intervals showed the following average percentage at the egg-laying 
stage : December, 4 per cent ; J anuary, 52 to 64 per cent ; and February, 
86 to 99 per cent. The males die during the winter. It is difficult to 
associate the mating and egg-laying stimuli with the spring and autumn 
flights of the leafhopper. 
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The stimulus for summer migrations of the adults is probably hunger, 
owing to overcrowding. As already mentioned, the sugar beets in the 
southern section of the San Joaquin Valley in 1919 were mostly dead 
as a result of curly top. The most favorable host plants were stunted 
and dry, except in irrigated fields, and yet the adults had not assembled 
on these plants in irrigated fields. The leafhoppers, however, will leave 
green succulent plants in the Imperial Valley, without an apparent 
stimulus as reported in previous pax^ers.^^®’ 


NATURAL BARRIERS 

In San Joaquin Valley . — During the autumn dispersal of the beet 
leafhopx)ers from the cultivated areas to the foothills, large numbers of 
adults often congregate during dry autumns on perennials growing in 
canyons in the northern San Joaquin Valley. When the populations of 
leafhopx^ers during the autumn and spring on the northern foothills 
and in canyons were compared, it was evident that a marked reduction 
of the spring generation occurred during a normal season of rainfall. 
After the 1919 and 1925 outbreaks of the pest a marked decrease in 
population of the spring generation occurred compared with the autumn 
generation in the Altamont and Pacheco passes. 

In the San Joaquin Valley rainfall decreases from north to south, and 
with minor exceptions is considerably less on the western side of the 
valley than on the eastern side. Stockton, in the northern part of the 
San Joaquin Valley, has an annual rainfall of 14.35 inches, while 
Bakersfield, in the southern part of the valley, has 5.68 inches. Table 3 
gives the annual rainfall of towns on the western and eastern sides of 
the valley. 

Heavy rainfall kills some of the leafhoppers. At Manteca 3% inches 
of rain fell on September 11 to 13, 1918, before the return flight of the 
insects to the uncultivated plains and foothills had begun. In sugar- 
beet fields dead adults with wings spread were observed partly em- 
bedded in sandy soil below the leaves of diseased sugar beets and also in 
the folds of dried beet leaves. Dead leafhoppers partly embedded in the 
soil were also commonly taken below branches of Atriplex hracteosa^ 
where they evidently crawled to escape from the rain. Dead nymphs 
were rarely found, but if present they would probably have been diffi- 
cult to detect. An examination of the adults under a binocular micro- 
scope showed that 50 per cent had been parasitized. The material was 
dry and could not be dissected to determine whether the remaining 50 
per cent were not weakened forms that had parasitic larvae within their 
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bodies. Leafhoppers near the end of their natural life often become 
sluggish and inactive, and of all of the dead leafhoppers taken only one 
dark overwintering adult was found ; the remainder were adults of the 
summer generation. 

In the canyons and mountain passes of the northern San Joaquin 
Valley there are limiting factors wliich check tlie multiplication of tlie 


TABLE 3 

Average Annual Batnfall from North to South in ^Sacramento 
AND 8an Joaquin Valleys 


j 

WeHtern half 

Eastern half 

Station 

Kainfall, in inches 

Station 

Rainfall, in inches 


Sacramento Valley 


Red Bluff 

24.81 

Chico 


21 36 


Willows 

16 35 

Marysville 

Colusa 

15.95 

Sacramento 

Woodland 

17,88 


Vacaville 

26 53 



San Joaquin Valley 



12.68 


Tracy 

10.58 

I.ia Grange 

Westley 

10 65 

Jiemon Cove 

Newman 

11,17 

Porterville 

Los Banos 

8 10 


Dos Palos 

8 29 


Mendota (near valley trough) 

1 5 88 


Coalinga 

7 24 


Dudley 

7.07 


Lost Hills 

5.72 


Middle water 

6 40 


Maricopa 

6 36 



23 60 
27.50 
J9 60 
17 96 


21.31 
16 91 
15 14 
10 02 


leafhopper. Porterville, with an annual rainfall of 10.02 inches, is near 
the northern limit of the natural breeding area in the Sierra Nevada 
foothills, on wliich a low population of insects occurs. (>oalinga, situated 
among the foothills on the western side of the valley, lias an annual 
rainfall of 7.24 inches, and conditions are favorable for the multiplica- 
tion of the leafhopper. Bakersiield, located in the plains district of 
Kern County, has an annual rainfall of 5.68 inches, and most of this 
county is favorable for the insect. 

It has frequently been observed that when red-stem filaree grows tall 
and dense the leafhoppers leave the vegetation. They prefer short 
iilaree on barren hillsides. 
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Tlie character of red-stem filaree may l)e an indicator of favorable 
foothill breeding grounds, t)ut, n(*verthe]ess, there may be composite 
controlling factors which hold this insect in check in some of the canyons 
and mountain passes of the northern 8aii Joaquin Valley, even where 
short red-stem filaree occurs. The character of the day from sunrise to 
sunset is different in the northern part of the San Joaquin Valley from 
tliat in the middle and southern sections of the valley — tliere are more 
cloudy and partly cloudy days. The northern section of the valley has a 
lower percentage of sunshine than the middle and southern portions. 
Fogs moving tlirough Carquinez Strait and spr(‘ading over the northern 
San Joaquin Valley may l)e another factor in the complex climatic bar- 
rier that destroys the overwintering adults. 

Ex])osure and shading of hills is an im[)ortant factor in the habitat 
of the overwintering insects. The h‘afhoj>pers })refer the south exposure 
on tlie hillside when food conditions ar(‘ favorable, but when the pasture 
v(‘getation becomes dry 1hey are sometimes found abundantly on the 
north slopes. 

The l(‘afhoppers prefer gravelly or rocky slo])es to soil which liolds tlie 
moisture. During the spring the nymphs are often seen basking in the 
sunshine on the warm stones. Frequently the insects are abundant on 
s(piirr(‘l mounds. 

A (‘riti(ial factor in the reduction of the s|)ring population in tlie 
nortluTii San Joaquin Valley may be associated with the hatching of the 
nynqihs. At Manteca eggs de|)osited in the foliage of sugar beets from 
Nov(‘mb(‘r 1 to January 15, 1919, failed to hatch out of doors. It was 
commonly observed in the greenhouse that eggs will push out of the 
slit-like egg chamber, but the nymphs often failed to rupture the 
chorion or died in the ])rocess of extrication from the eggs, and this may 
be associated with humidity and temperature. 

In Siicramenio Valley , — Rainfall is an important exterminating fac- 
tor of the beet leafhopper in the Sacramento Valh'y. The rainfall in- 
creases northward in the Sacramento Valley and varies from 17.96 
inches at Sacramento near the southern boundary of the valley to 24.81 
indies at Red iVlulf in the nortliern extremity. The jirecipitation is con- 
siderably less upon the western side of the valley tlian in corresponding 
localities upon the eastern side. The rainfall along the western side 
decreases from the south to about tlie central part of the valley and 
tlien increases to Red Bluff. The rainfall along the eastern side increases 
from south to north throughout the valley. Table 3 shows the average 
rainfall from north to south at the weather bureau stations situated in 
the western and eastern halves of the valley. 
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The winter humidity is high owing to rains and fogs in the Sacra- 
mento Valley. A low atmospheric humidity accompanied by cloudless 
skies is usual throughout the summer, and is favorable for the spring 
migrants and summer progeny of the leafhopper. In the southern por- 
tion of the valley the relative humidity is about 10 per cent higher than 
in the northern part. 

Fog is common during the winter months, but decreases in density 
and frequency of occurrence northward in the Sacramento Valley. In 
the southern part of the valley, fog is dense during the night and morn- 
ing, but frequently disappears or lifts during the day, though some- 
times it continues as a high fog for several days. The lower-lying parts 
of the valley are sometimes subject to light fogs in the autumn and 
spring, when other portions are free from it. 

After the serious outbreak of the leafhopper during 1925, adults 
were found during the autumn in canyons of the Coast Range and in 
the cultivated areas. Food for the insects had been favorable in the 
canyons since the October rains had germinated the seeds of red-stem 
filaree. In the cultivated areas adults were taken during the autumn 
on spearscale (Airiplex patula) (fig. 21) growing along irrigation 
ditches. During the winter, however, the adults were exterminated in 
both the canyons and cultivated areas. The exterminating factor was 
the dense ground fogs which occurred daily from December 22 to elan- 
uary 18. During 28 days of this fog period there were only 4 hours of 
sunshine. Rainfall apparently w^as not the direct exterminating factor 
during the fog period. The precipitation during the 28 days of fog at 
Sacramento was as follows : January 2, 0.02 ,* 14, 0.03 ; 16, 0.01 ; 18, 0.15 ; 
total, 0.21 inches. 

Another factor unfavorable to the overwintering adults may be the 
heavy dew which occurs during the rainy period in the Sacramento 
Valley. 

The Sacramento Valley has a lower percentage of suiivshine than the 
middle and southern parts of the San Joaquin Valley. 

In the cultivated areas of the Sacramento Valley the most favorable 
breeding plants, such as the saltbushes, are scarce, except in the southern 
part of the valley. But red-stem filaree is abundant on the foothills of the 
Coast Range and on the v^est side of the Marysville Buttes, and hence 
food and breeding plants are not the limiting factors w'hich prevent the 
leafhopper from establishing itself in the Sacramento Valley. 

After the beets were harvested in the Sacramento Valley during the 
1925 outbreak of the beet leafhopper, large numbers of leafhoppers flew 
into adjacent bean fields, and a high mortality of the insects occurred. 
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Dead leaflioppers with their moutli parts inserted in the tissues of 
the leaves were common on pink beans. In all probability a high mor- 
tality of the nymphs occurs after the beets are harvested and the tops 
become dry, although large numbers of leafhoppers were found on 



Fig. 21. Branch of ipearscale {Atriplex paiula) showing leaves and fruiting 
bracts, also different^shaped leaves removed from plant. 
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Atrvplex patula growing along irrigation ditches after the beets were 
harvested. 

When insects migrate from their natural breeding grounds, they fail 
to establish themselves in their new environment unless they encounter 
conditions similar to their original habitat. When the migrating swarms 
of the beet leafhoppers invade the beet fields under new conditions of 
environment, barriers rarely affect the migrants, which usually destroy 
tl»e beet crop when they are at their maximum in numbers. The hot, 
dry summers in the Sacramento Valley are favorable to th^^migrants 
and later generations in the cultivated areas, but the overwintering 
progeny is exterminated by the winter conditions. 

In Salmas Valley . — Rainfall above normal is a factor which reduces 
the beet leaf hopper in its natural breeding areas in the ^linas Valley. 
Tijere is not only a wide variation in the rainfall of the Salinas Valley 
from year to year, luit often considerable variation for the same season 
in diff’er(‘nt parts of the valley. The rainfall diminishes as the head end 
of the valley is ai)])roa(lied, althougli this is subjed, to variation, and 
the seasonal raijifall at Soledad averages less than at either Salinas or 
King City. Tlie seasonal rainfall may vary from 5 inches or less in one 
season to over 20 in the following. Salinas, in tlie northern portion of 
the valle}^, lias an annual rainfall of 13.96 inches ; Soledad, in the central 
part, 8.95 indues ; and King City, in the southern portion, 11.32 inches. 

The variation in rainfall from year to year in tlie Salinas Valley has 
a marked effect on the overwintering adults on the foothills. During 
successive heavy rainy seasons the sxiring iiojiulation of leafhoppers 
which invaded tlie cultivated areas was often reduced to a minimum, 
and averag(‘ or liigh yields of beets were often obtained. The seasonal 
rainfall during 1914-15 was 15.72 inches at the Spreckels ranch near 
King City and no leafhopiiers or curly top were reported to have oc- 
^curred in the beet fields. During 190.9 an average of 15.37 tons })er 
acre were liarvested on the Spreckels ranch near King City and the 
seasonal rainfall was 15.64 inches. On the other hand, during 1907 an 
average of only 8.6 tons per acre were harvested, yet the seasonal rain- 
fall was 19.98 inches; 12.00 and 13.75 inches liad occurred during the 
two previous rainy seasons. 

According to the Weather Bureau of the United States Department 
of Agriculture the seasonal rainfall at King City was as follows; 
1914-15, 11,50 ; 1908-09, 13.51 ; 1906-07, 20.54 ; 1905-06, 12.91 ; 1904-05, 
14.33 inches. 

The seasonal rainfall at King City during severe outbreaks of the 
beet leafhopper is shown in table 4. 
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TABLE 4 

Seasonal Kainfall in the Kim City Districts During 
Outbreaks of Beet Leafh offer 


Year 

Spreckels ranch 
near KiiiK City 

IJ. S. Departinent 
of Agriculture 
Weather Bureati, 
King City 


inches 

inches 

1898-99 

7.07 

7.07 

1899-19(K) 

8 60 

7.42 

1900-1901 

16.40 

16 22 

1904-05 

1.3 75 

14.33 

1913-14 

15.64 

14.61 

1918-19 

11.09 

8.78 

1921-22 

1.3 15 

12.12 

1924-25 

5 86 ! 

6.25 

1926-27 

10.29 I 

9.79 


During 1899, 1900, and 1901 irrigation facilities wlien needed M ere 
inadequate, but tlie failure of the sugar-beet crop coidd largely be at- 
tributed to curly t(){). During 1919, 55 per cent of the sugar beets were 
infected M’ith curly top before the spring flights occurred from the foot- 
hills (fig. 22) by the overwintering adults M’hieh had remained in the 
(udtivated areas. Tlie migrations of tlie leafhopjiers from the San doa- 


/>afe nduH.s of Dnfo firni adtdis of 

(‘Mvlif l.op ('nused by upriuy generailon , fninnuor ycncratlou 

or er winter iny adulU I fiew in beet fields I acquired win yrd si a ye 



Fig. 22. Chart showing that 55 per cent of the beets in Die Salinas Valley were 
infected with curly top by the dark overwintering adults which occurred in the culti- 
vated areas of the Salinas Valley before the first adults of the spring generation flew 
into the beet flelds. (Adapted from a chart by W. W. Thomas, formerly employed 
by the Spreckels Sugar Company.) 
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quin into the Salinas Valley during 1922, 1925, and 1927 have already 
been discussed. During 1901, 1905, and 1914 the rainfall was sufficient 
to reduce the population of leafhoppers on the Salinas foothills, and 
the severe outbreaks of the leafhoppers must have been due to migration 
from the San Joaquin Valley. 

A comparison of the seasonal rainfall from north to south in the San 
Joaquin Valley with King City in the Salinas Valley is made in table 5, 


TABLE 5 

Comparison of Bain fall from North to South in San Joaquin Valley 
WITH King City, Salinas Valley 


Station 

1900-01 

1904-05 

1913-14 

1921-22 

1924-25 

1926 27 

Average 

annual 

rainfall 

Tracy 

14.10 

15.05 

12.17 



10.51 


Weatley 

13.71 

11.65 

17.08 

7.98 





12.08 

14.42 

16.20 


9.46 

10.55 i 


Los Banos 

11 37 

11.83 




8.20 





9.70 

10.38 

7.70 

6.40 


M^ndota 

10 89 

I 9.63 






CoflJinga.... 



9.65 

9.62 

4.64 

8.34 

7.24 

Dudley 



8.14 

8.14 

5.36 

7.67 

7.07 

Antelope Valley 



10.61 

11,61 

4.62 


Bakersfield 


8.27 

7.35 

8.88 

4.69 

6.20 

5.68 

Maricopa..... 



9.97 

8.75 

3.52 

7.30 

6.36 

King City* 

16.40 

13.75 

i 

I 15.64 

13.15 

; 5.86 

10.29 


King Cityt 

16.22 

14.33 

14 61 

12 12 

1 6.25 

9.79 

11.32 


* Spreckels ranch near Kin^ City. 

t U. S. Department of Agriculture Weather Bureau, King City. 


It is evident from table 5 that during the 1900, 1905, and 1914 out- 
breaks of the pest the seasonal rainfall was unfavorable in the northern 
San Joaquin Valley but favorable in the middle and southern parts of 
the valley. 

Dessicating winds in the Salinas Valley may be an important in- 
direct controlling factor affecting the water balance of the leafhopper, 
especially when it feeds on weeds w^hich wilt and become sunscorched 
. during hot days. During extremely hot spells the leafhoppers will leave 
wilted, sunscorched weeds and seek other food plants ; but the change 
to certain food plants results in a mortality of the nymphs and adults. 

in Coastal Regions . — Fog is the most important barrier when the 
beet leafhoppers migrate into the coastal regions. During the 1925 out- 
break, the insects migrated across San Pablo Bay into the beet fields 
along the coast near Ignacio. The April plantings showed an average 
of 60 per cent curly top on July 15, while in the June plantings no curly 
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tap or beet leafhoppers were found. A single nymph was found in the 
April plantings during a half day’s search. An examination of the 
same fields on August 1 showed that all of the beets in the April plant- 
ings were diseased, while in the June plantings 16 per cent of the beets 
adjacent to the April plantings, were diseased and an average of 10 
per cent of the beets in isolated June plantings showed curly-top symp- 
toms. No fungus-diseased leafhoppers were found. Most of the offspring 
of the spring migrants were probably exterminated by fogs, possibly 
augmented by low temperatures associated with them. 

In determining the life history of the leafhopper in the fog belt at 
Berkeley, 22 adults of the first generation were reared between May 
15 and elune 23. A single adult of the second generation was bred from 
eggs deposited by the 22 adults on October 21.^^^^ The egg-laying ca- 
pacity of a single female kept out of doors at Manteca situated in the 
northern San Joaquin Valley was 328 eggs.^^®^ Fogs and probably low 
temperatures were the limiting factors which prevented a large popula- 
tion from developing in cages out-of-doors. 


FLUCTUATIONS IN POPULATION 

Early Drying of Pasture Vegetation . — The factors associated with 
the reduction in numbers of the spring generation vary in difi'erent 
years. In some years dessicating northerly winds dried the pasture 
vegetation rapidly during the spring and hence large numbers of eggs 
failed to hatch. In all probability when red-stem filaree becomes wilted 
many eggs fail to hatch, as is the case when sugar-beet leaves and weeds 
wilt in the greenhouse. 

The primary cause for the enormous reduction in numbers of the beet 
leafhoppers on the uncultivated plains and foothills during 1923 was 
the early drying of the pasture vegetation. Drought conditions from 
the middle of February to the close of March dried the filaree in March 
instead of in Ai)ril and May as in a normal season. In some years the 
pasture vegetation dried so rapidly in the southern section of the San 
Joaquin Valley that many nymphs failed to acquire the winged stage. 
During the spring of 1931, however, when a low population of leaf- 
hoppers occurred in Little and Big Panoehe passes owing to the rapid 
drying of the pasture vegetation during early April, a high population 
was present in the southern San Joaquin, where more rainfall kept the 
pasture vegetation green. 

Destruction of Pasture Vegetation hy Aphids . — During the spring of 
1927 aphids were extremely abundant in the middle San Joaquin and 
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destroyed most of the red-stem filaree during March, and thus reduced 
the food supply before many of the leafhopper nymphs acquired the 
winged stage. According to Schwing, 90 per cent of the red-stem filaree 
was destroyed on the foothills in the vicinity of Coalinga. In Little and 
Big Panoche passes most of the red-stem filaree was also destroyed by 
aphids. 

Early A utumn Rains . — One factor favorable for the increase of* the 
beet leafbopper during the 1919 outbreak of the pest was the heavy rain- 
fall on September 11 to ITJ, 1918, germinating the seeds of the pasture 
vegetation on the uncultivated plains and foothills, and resulting in a 
new growth of weeds in the cultivated areas of the San Joaquin and 
Salinas valleys. Daring the autumn the saltbushes and other favorable 
host plants of the leafho[)per normally become dry. In 1918, however, 
the nymphs wdiich hatched from eggs deposited in the fall by the females 
of the summer generation found an abundance of food in this new 
growtli of vegetation in the cultivated districts. Many of these nymphs 
acquired the winged stage after the return flights of the overwintering 
adults to the plains and foothills during October and November. 

Nym})hs were also taken during November and December, 1918, on 
red-stem filaree growing on the foothills of the San Joaipiin and Salinas 
valleys. Tlu^se nymphs hatclied from eggs def)osited in filaree by the 
females of the summer generation and not by tlie overwintering forms. 

Latr ^}yring Rains . — A partial second brood develof)s on the unculti- 
vated plains and foothills of the San Joaquin Valle,y whenever late 
spring rains occur and the pasture vegetation remains green. As already 
stated, a partial second brood developed on the foothills of the Salinas 
Valley during the 1925 outbreak of the pest. 

Spring and Summer Migi^ations . — Spring migrations reduce the num- 
ber of beet leafhoppers, since no return flights to the natural breeding 
areas occur. 

Summer migrations may deplete the natural breeding grounds of the 
beet leafhopper to a large extent ; the nymphs and adults are then hard 
pressed by |)arasites and predaceous enemies. The observations on the 
summer migrations from tlie San Joaquin Valley during 1919 have been 
given in this paper. 
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NATURAL ENEMIES 
Predators 

According to Uartung^^'^ three predaceous bugs })rey on the beet 
leafhopper in California: Neides ymiticus Say; Zelu.s socius Phi; and 
Eediivicolis kalmi Rent. 

Specimens of Oeocoris pallens Stal were frequently seen in the field 
sucking out the juices of nyrnplis and adults. A reddish mite attached 
to the body of the beet leafhopper was sometimes observed (plate 4, B). 

During 1925 the green lacevving (Chrfjsopa calif ornica Coq.) (fig. 23) 
was extremely abundant in tlie beet fields about f) miles west of Ter- 
minus in the San Joaquin Valley. The eggs (fig. 23 B) were found on 
the blades and petioles of every beet examined. The green-lacewing 
larva devoured the nymphs and adult leafhopjiers in cages. 

Spiders were noticed feeding on the leafhoppers on the uncultivated 
plains and foothills and in the cultivated areas. 

In the greenhouse control measures must be ado[)t(*d against the 
Argentine ant { fridomprnicx ii urnilis Mayr), which enter the cages, kill 
the nymphs, and occasionally the adults, and carry them to tlieir nests. 


Parasites 

Ilartung^''’ bred tliree egg parasites from the (*ggs of the beet leaf- 
hopper; these were determined by A. A. Girault to be Abhella subflava 
(lir. ; Anaphes sp. near Jiercules; and Gonatocerus sp. The last two egg 
parasites (‘merged from eggs of the leafhopper from Ravendale, Lassen 
C oun ty , C alif or n ia . 

8taliL‘^^ ' bred Abhella subflava Cir. from the eggs of the heed, leafhop- 
per at Riverside and called attention to the fact that this is a primary 
parasite and not a hyi)erparasite as Hartung^^^^ states. Stahl reared 
two egg parasites, Fohpiema euietiigis Gir. and Anagints giraulti Craw., 
at Spreckels and Riverside. 

Severin^^^^ bred four egg parasites from the eggs of the beet leaf- 
hopper in the San Joaquin Valh^y: Polynevia eutettigis Gir. (plate 5, 
A, B) ; Anagrus giraidti (/raw. (plate 5, C, D) ; Apelinoidea phitella 
Gir. ; and Anthemiella rex (Lr. These egg parasites were reared more 
abundantly from eggs deposited by the leafhopper in saltbush es than in 
sugar beets. 

The writer, in cooperation with C. P. Henderson, bred a single speci- 
men of Ufens n. sp., presumably from eggs of the beet leafhopper de- 
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posited in red-stem filaree growing in the Little and Big Panoche passes 
during the spring of 1928. Aphelioidea plutella Gir. has been bred from 
eggs deposited in red-stem filaree collected in the vicinity of Coalinga, 



B 

Fig. 23. Green lacewing (Chrysopa calif omica Coq.) : A, adults j 
B, eggs deposited on the petiole of a sugar-beet leaf. 


but no egg parasites other than these two have been reared from mate- 
rial collected on the plains and foothills up to the present time. 

Two parasitic flies were bred from the beet leafhopper ; Pipunculus 
vagabundus Knab (plate 6, A, B) and P. industrius Knab. The Pipufh 
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cuIm$ flies deposit an egg in the nymph or adult leatii()i)per. The egg 
hatches into a larva or maggot w]ii(5h feeds within the abdomen of the 
leafhopper (plate 6, D). When the larva is full grown (plate 6, E) it 
bores out of the host, leaving an exit hole (plate 6, i^), usually near the 
junction of the metathorax and abdomen. The leafhopper is killed after 
the larva emerges. After escaping from its host, the larva buries itself 
beneath the soil and pupates (plate 6 , G). At Spreckels the flies issued 
after remaining in the pupal stage (j>late 6, H) for a period of 22 days 
during the summer. 

A wingless female ant-like wasp, Gonatopus contort ulus Patton (plate 
4, A; plate 7, 2?), and the winged male (plate 7, A) were bred from the 
beet leafhopper. The ant-like female is a very active creature, capturing 
and partly devouring a large number of leafhoppers. A single parasite 
emerging in a cage will kill most of the leafhoppers, but only in an oc- 
casional host is an egg deposited. The presence of the parasite in its later 
development can be determined by the external brown sac in the nymph 
or beneath one of the wungs in the adult leafliopper (plate 7, C) . After 
the full-grown larva bores out of the leafhoppers (plate 7, I), E) it 
leaves in the exit hole the larval sac consisting of the molted skins of the 
larva (plate 7, F), The larva spins a white cocoon (plate 7, 11) 3 mm 
long and 1 mm wide, on the foliage of the saltbusii or beet leaf. Forty 
days after spinning its cocoon the wingless parasite emerged on October 
24, 1914, at Spreckels. 

In 1913 about 3.2 per cent and in 1914 about 33.6 per cent of the beet 
leafhoi)pers collected in the beet fields were found to be parasitized by 
Pipuncultis vagahundus, F, indusirinSf and Gonatopns contortidus.^^^^ 

During 1918-1920 a comparison was made of the percentage of para- 
sitized beet lea.fhoi)pers collected on the uncultivated plains and foot- 
hills with those captured in the cultivated areas of the San Joaquin 
Valley. Records obtained by dissecting the adult were more reliable 
than those secured by breeding the parasites, since a high mortality of 
the insects occurred in the breeding jars. The average percentage of 
parasitized adults of various generations by Pipiinculus and Gonatopns 
is indicated in table 6. 

According to table 6, in 1919 the percentage of parasitism gradually 
increased during the summer months in the cultivated areas and reached 
its height during August, The weak jioiiit in the parasitism occurs on 
the uncultivated plains and foothills. Table 6 shows that 4.4 per cent of 
the overwintering adults collected on the plains and foothills w'^ere para- 
sitized compared with 28.0 per cent of the overwintering adults cap- 
tured in the cultivated areas. Dissections show that leafhoppers of the 
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avitumn {generation parasitized by a large larva remain in the enltivated 
areas, altlioiigii leafhoppers parasitized by a tiny larva fly to the 
foothills. 

A ]>arasitic hairworm (jjlate 4, C, D) belonging to the Gordiaceae 
emerged and was also dissected on rare occasions from the beet leaf- 
hoj)per, A case of double ])arasitism by a hairworm and a Fipnnculm 
larva occurred in the abdomen of an overwintering female collected on 
the foothills near King (h‘ty in tlie Salinas Valley on November 2H, 


TABLE 6 

I^AHASITISM OK JjKKT LKAKIIOKPEIJ ON I^LATNS AND FOOTIIILLK AND IN ('m/nVATED 

Areas of Han Joaqttin Valley 


l^uciiltivatecl piaiuH and foothills | Cult ivafed areas 


\ ear 

Moiil hs 

Gpiu'ral ion 

A yerage 
l»ereeni age 
paraHit ism 

Year 

Mont hs 

General ion 

A verage 
percentage 
parasit ism 

1918-19 

N<»v.-Mar. 

w inter 

8 2 

1918 

Dee. 

winter 

28 0 

1919 

Apr. 

Hf)ring' 

1 0 

1 i 

1 

[ 

Apr. -May 

sjjring 

:i.5 

1919 20 


^v inter 

4 4 

1 1 


.liin€! 

summer 

10 0 

1920 

Apr. 

H{>rinj£ 

15 

1919 j 


July 

summer 

22 3 







Aug. 

summer 

35 1 







Sept . 

summer 

1 32 0 





1 

Average, 








June-Sci;)t. 

summer 

24 8 


The beet leaf liopjier is also parasil ized by an occasional SfrjJops, whicli 
was not bred. 

Since it had hetui reftorted by lloncquet^*’ tlial the beet leafhopper, 
as well as curly top of sugar b(*ets, occurred in Argentina, an exploration 
for parasites of this insect was undertaken in that country by the Uni- 
versity of California in cooperation with the United Stat(‘s Department 
of Agriculture, Buiaaiu of Entomology. 

According to Bonequet • ^ the beet leafho[)per has l)een found in the 
vicinity of “Buenos Aires, in Guatrache, Alpachiri, and Bahia Blanca 
(southeast) , in Colonia Alvear and Mendoza (west) covering the major 
part of the temperate and siibtro])i(‘,al zones of the Argentine liepublic. ’ ’ 
Leafhoppers which were i*eported to have been collected at San Isidro, 
a suburb of Buenos Aires, were determined as Eutettix tenellus (Baker) 
by E. P. Van Duzee and the writer, and are in the collections of the 
California Academy of Sciences. 

Henderson, who was sent to Argentina to introduce parasites of the 
beet leafhopper into the United States, swept the most favorable host 
plants of the beet leafhopper with an insect net in the localities reported 
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by Boncquet, and many other localities, from November 11, !1926, to 
June 30, 1927, but failed to find Eiitettix tenelUis. Insect collections in 
museums and of entomologists were examined, but not a single specimen 
of E. tenellus was found. An undetermined species of Eiitettix resem- 
bling the general shape and size of E. tenellus was collected by Hender- 
son on sugar beets, garden or red beets, and Swiss chard in every locality 
in which Boncquet ref)orted that E. tenellus occurred except in Gua- 
trache. Ilenderson/"^’^ has published a detailed report on the explora- 
tion in Argentina for the beet l(»afhopper. 

Fawcett^^"’ demonstrated that a disease of sugar beets in Argentina 
resembling the foliage symptoms of curly top in North America, was 
transmitted by AgcilUa sticiicoUis Stab 

Since tlie beet leafhop])er Avas known to occur in the Avestern part of 
North America from Canada into Mexico, an exploration of Mexico for 
])arasit(‘s of tlie leaflioj)|)er Avas undertaken, for it Avas thought that 
possibly th(‘ original native home of the insect was Mexico, and that the 
insect through migratory flights had established itself in localities out- 
side the range of its efficient ])arasites. 

Henderson^^' ex[)lored LoAver (bilifonria, the Avest coast and tlie cen- 
tral district of Mexico, Arizona, Utah, and southern Idaho for |)arasite.s 
of the beet leaflioppei* during the period from October 3, 1927, to July 
K), 1928. He states: ‘‘.Neither the beet leaflioppfvr nor jiarasites Aver(‘ 
found on the high c(‘ntral ]>lateau, which (extends from tlie southern 
])ortion of Durango to Mexico City. For the west coast, although the 
territory from Nogales, Arizona, to Mazatlan, Sinaloa, was covered, tlie 
range of the leafhoj>])er ap])arently extended only as far south as 
Guasave, Sinaloa. ’’ Egg parasites occurred over the entire area occupied 
by the insect, most of whi(*lj had |)reviously been bred by other workers 
from the eggs of the beet leafhopper in California. 


FunciUS Disease 

Fungus diseases kill some of the oA^erAvintiTing leaflioppers and spring 
migrants (plate 8), as reported in previous papers. During De^ 
cember, 1918, large numbers of leaflioppers were collected on the foot- 
hills bounding a canyon in the northern San Joaquin Valley 13 miles 
southwest of Tracy. When these insects Avere confined in cages in the 
greenhouse at Berkeley, they died as a result of a fungus disease. The 
Aveather records kept by the Spreckels Sugar Company at Manteca 
showed that the precipitation from September to April was 17.29 
inches ; 9.98 inches of rain fell from September to December. During the 
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1919 outbreak of the pest, the spring migrants succumbed to a fungus 
disease in the fog belt of San Luis Obispo and Santa Barbara counties. 
An examination of the lower surface of the leaves of a single sugar beet 
showed 178 jassids, including beet leafhoppers, which had died as a 
result of a fungus disease. In regions outside of the fog belt, howwer, 
no dead fungus-diseased insects w'ere found that year, and near Los 
Alomos, nymphs and adults were abundant in the beet fields. 


SUMMARY 

The northern limit of the breeding range of the beet leafhopper in the 
San Joaquin Valley was found to be in a canyon in the Mount Diablo 
Mountains situated about 4 miles southwest of Pittsburg. The natural 
breeding area includes the canyons of the Mount Diablo Range in 
northern section, the plains and foothills of the Inner Coast Range in 
the middle and southern sections, and the foothills of the Tehachapi 
M^ountains in the southern section of the San Joaquin Valley. The plains 
and foothills of most of Kern County are natural breeding grounds, 
except the Sierra Nevada foothills near the northern end of the county. 
The northern limit of the breeding range on the Sien*a Nevada foothills 
was found to be about 10 miles north of Porterville near Lindsay in 
Round Valley. 

A natural breeding area occurs between the Coast Ranges on the 
western foothills of the Panoche Hills bounding Panoche Valley. 

The northern limit of the foothill breeding range on the Gabilan 
Mountains in the Salinas Valley is at the boundary of the fog belt south 
of Soledad and the southern limit in the vicinity of San Miguel, the 
most favorable foothill breeding area being from Greenfield to Bradley. 

A natural breeding area extends from Santa Ana Valley to Panoche 
Pass, becoming less favorable toward Pacheco Pass. 

A natural breeding grounds occurs in Honey Lake Valley at an alti- 
tude of about 4,000 feet in the Sierra Nevada. The beet leafhopper was 
also found in the Sierra Valley and was reported to occur in the Ameri- 
can and Indian valleys. 

The beet leafhopper was taken on twenty species of food plants grow- 
ing on the uncultivated plains and foothills, five of which belong to the 
Chenopodiaceae, to which the sugar beet belongs. The nymphs were bred 
from eggs deposited in eight different species of plants under natural 
conditions. Red-stem filaree is the most important host plant upon 
which the overwintering adults feed and deposit their eggs, and upon 
whicli the spring generation develops. 



19 ^ 3 ] Severin: Field Observations on Beet Leafhopper 346 

When the beet leafhopi)er is abundant it occurs on most weeds and a 
large number of economic plants. Nymphs have been bred from eggs 
deposited in forty-six different annual and perennial plants growing 
in tlie cultivated areas ; nineteen of these breeding plants belong to the 
Chenoi)odiaceae and the remainder to twelve other families. 

The range of the beet leaf hopper corresponds to the geographical dis- 
tribution of the saltbushes. Purtlier breeding experiments are necessary 
to determine whether the native mustards were the original liost x^lants 
of the leafhopper. 

The spring dispersal of the leafhopper from the uncultivated plains 
and foothills occurs after the i^asture vegetation becomes dry and is 
probably associated with a food stimulus, the insects invading the culti- 
vated areas when the annual saltbushes and other weeds are succulent 
and most favorable from the standpoint of food and egg deposition. 

The spring flights have frequently been observed from the entrance 
of Little Panoche Pass and ai:)pear to be associated with air currents at 
sunset. The ascending air currents may carry the insects into the higher 
winds and here they may drift and fly long distances, possibly over 
mountain ranges. When the pest was at the maximum in numbers im- 
mense swarms flew into the cultivated areas. One sw arm from the i)iains 
and foothills of the middle San Joaquin flew across the valley, a distance 
of about 50 miles. A succession of northward flights occur in the culti- 
vated areas of the San Joaquin Valley and ap|)arently the insects fly 
against light nortlnvest winds. 

A spring migration of the leafhoi)per occurs from the cultivated areas 
of the San Joaquin into the Sacramento Valley. Flights of small num- 
bers of leafhoppers precede the large migration into the Sacramento 
Valley. Spring migrations from the San Joaquin Valley have occurred 
across Suisun and San Pablo bays, into Livermore Valley, San Francisco 
Bay districts, Santa Clara, San Juan and Salinas valleys, and possibly 
into the fog belt of the southern counties. The distance of a migratory 
flight from the San Joaquin into the Sacramento Valley was estimated 
at about 60 miles, and successive northw^ard migrations following the 
cultivated areas of the Sacramento Valley at about 150 miles. 

The dispersal of the summer generation from badly diseased beets to 
healthy beets is known to extend at least 3 miles in the Sacramento 
Valley. 

Summer migrations of the beet leafhopper from the San Joaquin 
Valley occurred during the 1919 outbreak of the pest. These migrations 
were probably associated with overcrowding and unfavorable food. 
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Tlie ^vituinn dispersal from the cultivated areas to the uncultivated 
plains and foothills in the 8an Joaquin and Salinas valleys occurs dur> 
iuj^ October, Noveiiiber, and Decend)er. Durinji? the autumn dissemina- 
tion the ins(‘cts congrejjrate on favorable weeds growing* on abandoned 
farms on or near the plains. Frequently the lines of flight across the 
plains to the canyons and mountain passes follow dry creek bed>s where 
the insects take short flights from perennial to perennial. The leafhop- 
pers also occur on ])erennials growing on the jdains. The autumn flights 
of the leafhopper are ])robably associated with a food stimulus; the 
insects fly from the cultivated districts when the saltbushes and other 
favorable weeds become woody and dry. 

Idle most important natural barrier of the beet leafhopper is rainfall, 
which reduces the population on the northern foothills of the Ban Joa- 
quin Valley. The abundance of rainfall in the Bacramento Valley is the 
factor tliat exterminates the overwintering adults on the foothills and 
in the cultivated areas. Rainfall when al)ov(i normal reduces tiie popu- 
lation on the foothills in tlie Balinas Valley. Fog and possil)ly low tem- 
])eratures are limiting factors to the offspring of the migrants when the 
leafhopper migrates into the coastal regions. Various composite con- 
trolling factors, such as high humidity owing to rains and fogs, heavy 
dew, soil moisture, tall dense filaree, cloudiness or low^ temperatures, 
may play important roles in the survival of the ijiseet during the hatch- 
ing and molting i)rocess. The succession of faAa)rabie food plants 
throughout the season may also be a limiting factor in certain migratory 
areas of the insect, such as the middle and northern Bacramento Valley. 

The factors associated with the reduction in numbers of the spring 
generation vary in different years. In some years dessicating nortlierly 
winds dry the pasture vegetation rapidly during the spring and lienee 
large numbers of eggs fail to hatch. The primary cause for the enormous 
reduction in numbers of the spring generation during 1923 was the 
early drying of tlie pasture vegetation during March instead of Ajiril 
and May, so that many nymphs died before they acquired the winged 
stage. During the spring of 1927 a])hids destroyed most of the filaree in 
the middle Ban Joaquin Valley, reducing tlie spring population of beet 
leafhoppers. 

The jirimary cause for the enormous increase of the beet leafhoppers 
during 1919 hinges on two factors: (1) There were no summer migra- 
tions of the pest from the natural breeding grounds during 1918, so that 
large numbers of eggs were deposited during the autumn; (2) the 
nymphs which hatched from these eggs found an abundance of green 
food, not only in the cultivated areas but also on the uncultivated plains 
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and foothills, after the heavy September rains germinated the seeds of 
the vegetation. 

Another factor favorable for the increase of the beet leafhopper on 
the uncultivated plains and foothills is late spring rains, which keep 
the pasture vegetation green so that a i)artial second brood develops. 

Among tlie natural enemies of the beet leafhopper are a large number 
of predacious insects which prey upon the nymphs and adults. Seven 
species of egg parasites, two species of Pijmncnhifi flies, a Gonatopus, 
and a hairworm were bred by various entomologists in California. In 
1919 the percentage of parasitized leaf hoppers gradually increased dur- 
ing the summer months and reached its height during August (35.1 per 
cent). The weak point in the parasitism of tin' leaf hoppers occurred on 
the uncultivated plains and foothills where only 4.4 to 8.2 per cent were 
])arasitized during the winter and 1.0 to 1.5 per cent during the spring. 
No information is at hand as to the value of egg parasites on the unculti- 
vated plains and foothills and in the cultivated areas. 

Fungus diseases reduce the numbers of overwintering leafhoppers 
and spring migrants in the fog belt in favorable years. 
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I’liile 1. Fniilinji' hrjicls of annual nalllujslu's. 'riu'so sinicturos liavo liomi almost un ivt'i'sall.v 
oousi(hM'(‘<l as modified uijpev Uaives enclosing (lie seeds, d. Fogweed or silverscale {AtripU'x 
arfjintiea fxpansn)\ B, arrowseale {Atriplex phyllos'txpia) (\ red oraehe, or redseale (Atriplex 
roifea) \ D, bractiscale (Atriplex hraeteom) ; E, crowuscale (Atriplex coroimta) ; F, heartBcale 
(Atriplex cordulata) \ G, Atriplex tularensis ; B, wheelscale (Atriplex elegana) ; I, brittlescale 
(Atriplex pariahi) 
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ISEVERINl PLATE 2 



Plalo ‘J. Fniitiii;L: bracts of ijcrcniiial sallVmshc.v: .1. .spino.scale (Atriplex f(innif('rn), sliowiiij; 
<‘lvistcr,s ol ffi illy brancli. al.>vO a siiiiclo fniitiitf; bi'aci sfiowiiiff wiiijis: ii, cattle 

, If/rnrfKt) ; C. quHilbiMisb or boiscalc (Atrlple.c IcntiforniiN), show- 
ing;' coiiipioss< 1 rolindod fniitiiij: bracts; [), flcshscalc or Australian salthusli (Atriplr.r firnri 
hact'dlu). Im'u 'iiij; bracts arc convex, fletshy-thickened, and turn red iti living- plants, but arc 
compressed and nearly Hat when dry. E, Jiallscale {Atriplex fruiticnloaa) . 
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T’lato 3. Braiifhes of four annual salthusho*? showing loave.*^ and fruiting bracts, als<» shape of 
leaves and fruiting l)ructs reniov(ul from ijlants: *1. brittlescale {Atri]>lt‘x purLs/il) ; /», Atrijih-.r 
; (\ hciirtsfulf (AtriitlcA: enrdnUtta ) ; D, bructsculo bmcUfuii) . 
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7, Stairs of (I rontorfulns J’alloii. a, i»a,i‘asilo of llio iiyiiiplis and adults r)f (lu' 

loaniHppci- : .1. n>al<>; Ji. foiualo; (\ dark lo-owu larval sac Ixoicatli 1h(‘ Avius of llic Icaf- 
l»o]jp(>r: larva Itoring- out of tlic Ix-ot Icafhoppor: J\ full-grown liir\a after doritig out of tlie 

l»cet leafliopper; F, larval sac consisting of molted skins of larva: G, third instar sliowing head 
lobe and ventral larval process; E, left, oval white cocoon; center, female that died in cocoon; 
ritfht, cocoon showing irregular hole which adult gnawed before issuing. 
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THE USE OE ARSENK^AL (COMPOUNDS IN THE 
CONTROL OF DEEP-ROOTED 
PERENNIAL WEEJ)S^ 

A. S. CRAFTS2 


INTRODUCTION 

As chemical weed control becomes more generally ])raeticed, the lim- 
itations as well as the possibilities of the various methods become more 
evident. The effectiveness of these methods depends upon certain factors 
which must be carefully considered if consistent results are to be ob- 
tained. Many of the factors may be controlled by the operator. It is, 
therefore, essential to the successful practice of any new method that a 
descriptive stud}^ of the more readily controlled factors be made ; for 
only when we understand tlie underlying principles may we obtain the 
})est results. 

This preliminary report describes the preparation and use of an 
arsenical solution recently employed with consideral)le success in con- 
trolling deep-rooted perennial weeds. It discusses the mechanism in- 
volved in the movement of the arsenical solution into the roots of plants, 
and submits data for comparing and evaluating the factors that tend to 
limit its action. It discusses also the conditioits essential to successful 
practice and gives certain precautions for the handling of the reagents. 

One should understand at the outset that the arsenical herbicide 
described in the following pages will not completely eradicate perennial 
weeds. Such results cannot be expected of any chemical weed killer. This 
herbicide has, however, proved very satisfactory when prei)ared prop- 
erly and applied under optimum conditions. 


1 Reeeived for publication Novcnil>cr .*10, 

2 Assistant Botanist in the Experiment Btation. 
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Arsenicals have long been ntilized in the destruction of undesirable 
vegetation. Sodium arsenite is the active ingredient in many proprietary 
lierbicides. Although other chemicals have recently been widely used 
against the more noxious perennial weeds, certain arsenic compounds 
are cheaper and may be more effective. 

In 1917 Gray'^^ reported that, under some conditions, sodium arsenite 
solution, applied to the foliage of morning-glory plants, was absorbed 
and carried into the roots. In 1927 Kennedy and Crafts^^^ suggested a 
mechanism W’^hich they thouglit to be responsible for this movement of 
arsenic compounds within the plant. In 1980^’^ they gave additional 
data on their work, citing evidence to confirm their theory. Morgan 
has recently proposed the same mechanism to explain the translocation 
of arsenic acid in his experiments wdth hoary cress. 

The work presented liere further strengthens the theory ; and, though 
the limitations of the method are definitely descrilied, the possibility of 
developing an efficient control practice seems nearer realization than 
was apparent in these earlier reports. 

The mechanism responsible for the rapid translocation of arsenic 
compounds into the roots of morning-glory after application to the 
leaves may be briefly described as follows. When the plant has lieen 
transpiring freely for some time, w’ater lovss from the leaves exceeds 
intake by the roots. As the pressure within the xylem becomes sub- 
atmospheric, a w^ater deficit develops in all living cells. When a plant in 
this condition is sprayed with a solution of a strong acid or base, the 
living cells of the leaves and stems are killed and rendered permeable. 
The pressure gradient becomes immediately effective and all moisture 
free to move is forced into the xylem and carried down into the roots. If 
soluble arsenic compounds are present in the spray solution, they wull 
diffuse into the tissues, will become mixed wdth the vacuolar sap, and, as 
the cells collapse, will be carried downward along with any unevap- 
orated spray solution. When destruction of the foliage is complete, the 
tissues become dry, the downw^ard movement in the xylem stops, and the 
arsenic compounds slowly diffuse from the vessels, killing all living cells 
of the root. The various factors limiting the action of this mechanism 
have been described elsewdiere in detaih^’ 
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EXPERIMENTAL RESULTS 

Little has been published on the effective concentrations of arsenic 
compounds and of acids in herbicidal solutions. Gray^^'^ used approxi- 
mately a 0.5 per cent solution of As^O.,, and a i)revious publication^ 
M 

mentioned — (approximately 1 per cent) as the optimum concentration. 

Tables 1, 2, and 3 present experimental evidence relative to tlie criti- 
cal conccmtrations of these reaj»ents. The plots used were all one square 
rod in area and Avere densely inf(\sted with morniim-glory {Convol- 
vulus (irvensis L.) . 

TABLE 1 

l^FFECTS OF (Concentration Expressed as 
Per Lent As./)-{ on Eesults of 

8 PR A YJ NO M ORNI NO (iLOR Y 

AviTH Acid Arsenical 
Sprays 


l*er oeut 

AsA >3 

Number 
of plots 1 

Average i)er- 
(^entago refiprouts 
two montiis after 



spraying 

4 00 

<> 

9 1 

2 00 i 

18 

7 2 

1 00 

18 

8 2 

0 60 * 

12 

8 4 

0 26 

12 

15.8 


It is apparent from the data in table 1 that 0.5 per cent AsoO;. is tlie 
lowest effective arsenic concentration under the conditions of the experi- 
ment and may be considered a loAver limit for sprays in field jiractice. 


TABLE 2 

Kesttlts of Spray^inq with Arsenk’al 
Solutions Differing in Acid 
(Concentration 


Normality of 
acid, H 2 SO 4 

Number 
of plots 

Average per- 
centage resprouts 
two months after 
spraying 

0.50 

26 

49,0 

1.00 1 

26 

9.9 

1.60 j 

16 

6.1 

2 00 j 

26 

11.1 



As indicated in previous |)ubUcations/^’ a spray of acid reaction is 
more effective than an alkaline one. The data in table 2 show the relation 
between acid concentration and effectiveness of the spray. 

These fibres (table 2) may be compared with some laboratory data 
(table 3) on the time required for killing morning-glory tissues with 
acid solutions of differing concentrations. The times of killing were 
found by allowing leaf sections to stand in acid solutions of determined 
pH values until death occurred. The pll values in the table were taken 
from a titration curve on ground morning-glory tissue. 

TABLE 3 

Time Reqeired for Killing Morning- 
Glory Tissue with Acid of 
Different Normalities 


Normality of 
acid HaSO^ 

pH attained 

Time recpiired for 
killing, hours 

0 41 

4 00 

48 0 

0 50 

3.70 

10 7 

0.75 

3.00 

4 8 

1 00 

2 40 

1.2 

1 25 

2.00 

0.8 

1 50 

1.90 

0.7 

1.75 

1.85 

Of) 

2.00 

1 80 

0,0 


Tables 2 and 3 indicate that the use of a solution sufficiently high in 
acidity to cause rapid killing of the siirayed foliage is essential in this 
method of applying arsenicals as herbicides. They further indicate that 
the acid concentration sliould be at least 1.0 N to give satisfactory results 
in the field. 

Because the volume of solution available for translocation into the 
roots is definitely limited by the amount of evaporation of the spray 
solution occurring after it is applied, the time element in the killing 
process is necessarily of prime importance. Evaporation being condi- 
tioned by temperature and humidity, wliich are both subject to diurnal 
variation, certain hours sliould be best for applying these sprays. Com- 
mercial operators have long favored night spraying, the benefits of 
which have lieen demonstrated time and again in the field. The data in 
table 4 offer furtlier substantiation. They are not given as complete 
proof, but merely to show the magnitude of differences to be expected. 

Although the factors affecting evaporation also condition transpira- 
tion and thus the water deficit in the plant, water is absorbed only 
slowly by the roots, especially from soils that are low in moisture; and 
the deficit remains high for several hours after sundown. 
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TABLE 4 

Influence of Time op Day Upon Results of Spraying 
WITH Acid Arsenical"^ 


Plot No. 

Date of 
application 

Time of 
application 

T’ercentage 
resproulB two 
months after 
spraying 

1 

Sept. 8 

8;00 p.m. 

5 

2 

Sept. 9 

8:30 a.m. 

20 

3 

Sept. 9 

11 :00 a.m. 

15 

4 

Sept. 9 

1:30 p.m. 

10 

5 

Sept. 9 

4:00 p.m. 

10 

6 

Sept. 9 

p.m. 

5 

7 

Ser>t. 9 

9:00 p.m. 

5 


* Solution csoritaining H 2 SO 4 of 1.0 N concentration and 1 per cent AssOa. 


Plant physiologists generally agree that considerable energy is used 
in absorbing moisture from soils, especially when the moisiire content 
approaches the permanent wilting percentage. This competition be- 
tween the soil and the plant for water is reflected in the water content 
of the plant and also in the effectiveness of acid arsenical sprays as 
related to tension in the xylem vessels. The results of the following 
experiment (table 5) indicate that distribution of arsenical compounds 
is not effective in plants too abundantly supplied with moisture. Eight 
plots, located in an orchard, were used. Pour had been recently irri- 
gated, so that the soil was still very damp. The plants were making rapid 
growth and had formed a dense mat of foliage. The other four plots had 
not been irrigated for six weeks. Though the plants had an abundance 
of foliage, end growth had practically ceased, and their appearance 
evidenced the lack of available moisture. 

Here again (table 5) the data are given as a confirmation of results 
observed many times in the field. As the author has already pointed 
out,^’^ Gray's recommendation of fall spraying has probably more bear- 
ing on soil moisture conditions than on movement of organic foods in the 
plant. The figures in table 5 indicate that little is accomplished by sy)ray- 
ing plants wdiich are growing in a soil saturated with moisture. If top 
growth is cut off until the soil becomes drier, however, too little foliage 
may be subsequently produced, and poor results will follow. One should, 
apparently, allow a maximum growth of tops to develop and then depend 
upon this large leaf surface to deplete the soil moisture until a high 
deficit is produced. Only where an ample amount of foliage exists is this 
type of treatment satisfactory. 

The spray solution applied to tlie plots mentioned above (table 5) 
was low in acidity (approximately 0.5 N), a condition which, because 
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of its effect upon penetration, tended to emphasize the differences be- 
tween treatments on wet and dry soils. The effects of diurnal variation in 
evaporation rate upon distribution of the arsenical solution are also 
shown. 

TABLE 5 

Influence of Soil Moisture on Eesxtlts of Spraying with 
Acid Arseni cals 



Soil dry 


Soil moist, recently irrigated 



Percentage 



Percentage 

Plot 

Time of 

rcHproutfl two 

}>lot 

'rime of 

resprouts two 

No. 

application 

months after 
spraying 

No. 

application 

months after 
spraying 

1 

2:(HJ p.in. 

75 

5 

2:30 p.m. 

100 

2 

3:00 p in. 

50 


3:30 p.iu. 

100 

3 

4:00 p.rri. 

JO 

7 

4:30 p.m. 

100 

4 

7:30 p.in. 

5 

8 

8:00 p.m. 

75 


When the foliage of spra.yed plants has become compietely killed and 
all free moisture has moved down into the roots, rapid mass flow of the 
arsenical solution ceases; the effectiveness of the application is fixed by 
the extent of distribution at this time. If more moisture is applied to the 
tops of the ])lants before the water columns of the xylem become dis- 
rupted, downward flow sliould be resumed, and distribution of the 
arsenic compounds should become more extensive. Plots 3 and 7 in 
table 5 were sprayed with several light applications of water soon after 
treatment with the chemical solution and plots 4 and 8 were sprayed 
with water early on the following morning. This procedure, in addition 
to the favorable time of application, probably ex[)lains the excellent 
results obtained on the dry plots with this particular spray solution. 


TABLE 6 

The Effects of Added Applications of Water Upon the Results 
OF Applying Acid Arsenicals 



Series 1 

Series 2 

Series 3 

Number of applica- 
tions of water 

Nurnl>er 
of plots 

Average 
percentage 
resprouts 
two months 
after spraying 

Number 
of plots 

Average 
percentage 
resprouts 
two months 
after spryaing 

Number 
of idots 

Average 
percentage 
resprouts 
two months 
after spraying 

0 

6 

19.1 

12 

6.3 

12 

14.6 

1 

() 

8.3 





2 

6 

5.0 





3 




12 

3,0 

12 

11.6 
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The results of the practice are further illustrated in table 6. Three 
series of plots received the acid arsenical spray in the evening. In the 
first series 6 plots were sprayed twice wdth water on tlie following 
morning, 6 plots received one application, and 6 plots were untreated. 
In the second and third series, 12 plots in each received three applica- 
tions on the following morning, while 12 received no water. 

Although these three series of plots differed considerably in their 
general results, because of differences in time and manner of applica- 
tion, all showed consistently less resprouting where water was applied 
to the dead tops on the morning after the original spraying. Application 
of water seems, tlierefore, to be a cheap and easy method of increasing 
the effectiveness of spraying with acid arsenicals. 

DISCUSSION 

Tliougli the data presented on some phases of this work are not exten- 
sive, and many experiments are still in progress, a few essential points 
seem well established, A siinple, workable method for preparing an 
acid arsenical solution in tlie field is described in tlie next section. 
Experiments now going on indicate that little can be hoped for in the 
improvement of tliis basic formula, at least until the chemistry of the 
solutions has been more thoroughly studied. 

The field trials emphasize the importance of temperature, incident 
radiation, humidity, and air velocity on evaporation, and consequently 
upon the action of the mechanism involved. Once a given solution has 
been applied to the foliage of the plants, the volume of liquid that carries 
arsenical compounds into the roots depends directly upon the rate of 
penetration and translocation and is inversely proportional to the 
amount of evaporation occurring- When the application is made before 
sundown during the summer in the central valleys of California, the 
temperature is usually high, the incident energy intense, and the rela- 
tive humidity low. Though the high temperature causes rapid penetra- 
tion, all three of these factors favor a high rate of evaporation. Plot 
tests and field trials show that at this time of day insufficient solution 
reaches the roots to provide for a thorough distribution. 

After dark the temperature drops, radiation is practically eliminated, 
and relative humidity goes up. Evaporation, in consequence, is very 
much reduced; and though penetration is less rapid, the acidity of the 
solution can be adjusted to keep it optimum. The total volume of liquid, 
including the vacuolar sap of the plant cells, which is available for 
translocation, is greater. The xylem tissues of the root system therefore 
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become completely filled with arsenical solution, and injiiry is much 
more general. Strong winds at any time increase evaporation rate and 
lower the effectiveness of the treatment. 

The foregoing discussion indicates the complexity of the relation 
existing between the composition of the spray solution, the temperature, 
and those factors primarily influencing evaporation. The latter factors 
have not been accurately measured and evaluated. The only way in 
which they have been given consideration here has been in delaying the 
application until after sundown. An accurate determination of their 
influence is needed if more consistent results are to be obtained. These 
determinations constitute a part of the work which is in progress. 

Though the method which has been described for killing deep-rooted 
perennial weeds wuth an acid arsenical solution has been developed to 
such a degree that one is reasonably sure of satisfactory results provided 
all controlling factors are carefully considered, it should be emphasized 
that complete eradication is seldom, if ever, accomx)lished. Not all plants 
ill a field can be in the proper condition at any one time. Those in the 
centers of lieavily infested areas will have less w^ater available than 
those bordering on uninfested regions. Often lateral roots extending 
into uninfested soil will be killed for some distance from the main root, 
but, becoming independent, will send up shoots and establish them- 
selves as new plants. Morning-glor}" roots are often cut by gophers at 
various depths, from w^hich they are able to send up new" shoots and re- 
establish themselves. Insect injury often leads to a premature drying 
of foliar organs, and these plants are little affected by the spray 
solution. 

One should further note that the problem of eradicating an old, estab- 
lished stand of almost perennial wTed involves more than the elimi- 
nation of existing plants. Ridding the land of seeds remains as the most 
vital step if reinfestation is to be avoided. Experiments in progress 
indicate that a stand of morning-glory may, with proper handling, 
be sufficiently matured for effective treatment before viable seeds have 
been produced. Reeds which are green at the time of treatment are ap- 
parently killed by the arsenic compounds and fail to germinate. 

Almost all stands of morning-glory, however, have a thorough in- 
festation of the soil wdth seed from previous years, which must be ger- 
minated and killed before the danger is eliminated. Probably the best 
method for controlling the seedlings and the few old plants that come 
back after spraying is to cultivate thoroughly and w^ed-cut about twice 
after each irrigation, or each spring on unirrigated land. On the other 
hand, the plants may be allowed to mature and then sprayed; but this 
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method is more expensive and less certain than weed cutting. Further 
work inust be done on this phase of the problem before definite recom- 
mendations can be made. 

Because of the abundance of wild morning-glory (Convolvulus ar- 
vensis), the experiments described in this paper have been performed 
on that plant. A few tests on other weeds indicate that at least two more, 
alkali mallow (Sida hederacea Dougi.) and Kussian knapweed (Centau- 
rea repens L.), are equally susceptible to this type of treatment, if not 
more so. There is little hope of controlling the perennial grasses by this 
spray, for it is practically impossible to wet them with an aqueous solu- 
tion and get the necessary intimate contact with the plant. Other flat- 
leaved plants that develop late enough in the season to deplete the soil 
moisture should lend themselves, however, to this treatment. 

One need fear no permanent injury to the soil from the use of this 
type of spray. The small amount of arsenic trioxide used is insignificant 
in comx)arison with the mass of soil involved and seems to stimulate 
rather than inhibit the growth of subsequent crops. Experiments in soil 
sterilization indicate that applications of two hundred to three hundred 
pounds of sodium arsenite per acre have little effect upon subsequent 
crop growth. Evidently, then, many applications of the acid arsenical 
described above would be necessary to cause any permanent harm. 


rREPAKATlON OF THE SPRAY SOLUTION 

For practical field use one must have a convenient method of prepar- 
ing the spray solution. Few methods have been described for the 

preparation of an acid arsenical solution for herbicidal purposes; and 
those few entail the use of arsenic pentoxide or arsenic acid, less toxic 
and more expensive forms than the common trioxide. During the ex- 
perimental work just presented, a simple, practical method was de- 
veloped which should prove useful for almost any scale of operation. 

Arsenic trioxide is amphoteric and will react according to the follow- 
ing equations ; 

(1) As.Og + 6 nCl = 2 AsCl„ -f 3 11,0 

(2) As^Oa + 2 NaOH + 11,0 -- 2 Nall, AsO, 

A solution may be made according to the first reaction by refluxing 
the arsenic trioxide in concentrated hydrochloric acid. The second reac- 
tion, being exothermic, goes very rapidly when only a small quantity of 
w^ater is used. 
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As the spray solution should have an acid reaction, it would seem 
illogical to use alkali as an agent in dissolving the arsenic (equation 2), 
Probably for this reason, acid arsenicals previously made from arsenic 
trioxide have been produced by the costly process of refluxing with acid 
(equation 1). When one considers the problem quantitatively, however, 
and determines the cost of the chemicals used, it is obvious that the 
acidification of the alkaline solution, after it has been diluted to field 
strength, is by far the more practical method. 

Because the alkali used in dissolving the arsenic must be neutralized 
in the final solution, it should be kept at a niinimum in i)re})aring the 
stock solution. A series of empirical tests with the commercual chemicals 
has shown that a solution containing 4 parts by weight of arsenic triox- 
ide, 1 i)art by weight of sodium hydroxide, and 8 parts by weight of 
water is permanent and convenient to use as a stock solution. This forms 
a solution of sodiiun acid arsenite, in which tlie amount of sodium hy- 
droxide is small; hence but little sulfuric acid is wasted in its neutrali- 
zation. Five hundred gallons of spray solution containing 0.5 per cent 
arsenic trioxide would contain only 5 pounds of caustic soda, and about 
an equal quantity of sulfuric acid is required to neutralize it. The cost 
of these is negligible. Laboratory tests liave shown that the small amount 
of sodium sulfate formed is entirely inert and in no way affects the 
action of the acid or arsenical. This quantity of sodium arsenite solutio]i 
suffices for one acre of morning-glory, and i>revious data (table 2) indi- 
cate that if sulfuric acid to a concentration of 1.0 N (approximately 5 per 
cent by weight) is incorporated an elfective herbicide will be i:)roduced. 

Where only a few acres are to be si)rayed, the necessary solution can 
be made up and handled with the equipment available on most farms. 
The stock solution of the arsenical does not affect iron containers; and 
though 1.0 N sulfuric acid is very corrosive to metal, when mixed witli 
the necessary sodium arsenite it reacts only slowly with iron. Equipment 
designed to handle this solution in large quantities and over extended 
periods of time sliould be made of bronze or brass. Wooden tanks are not 
injured. 

Nozzles throwing a flat, fan-sha])ed spray liave given good results ; the 
pressure should not exceed 100 pounds per square inch. An effort should 
be made to build u|) an excess of the solution on tlie foliage since the ex- 
tent of distribution within the plant depends largely upon the volume of 
solution available. 

As arsenic compounds are extremely poisonous, neither the dry arse- 
nic trioxide dust nor the ftiines from the stock solution or spray mist 
should be inhaled. The hands, the face, and, especially, the eyes should 
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be protected from both arsenicals and sulfuric acid; and livestock must 
be kept away from the chemicals, the solutions, and the sprayed vegeta- 
tion. Sulfuric acid should be handled only by persons familiar with its 
properties. A bucket containing saturated bicarbonate of soda solution 
should be available at all times for washing the face or hands in case of 
an accident during the mixing or application of the spray solution. 


SUMMARY 

A mechanism, dependent upon a water deficit in the plant, has been 
described to account for the movement of arsenicals from the sprayed 
foliage into the underground root system. 

The most dilute arsenical solution giving effective control in field plots 
contained 0.5 i)er cent AsoO.., by weiglit. Higher concentrations up to 4 
per cent seemed not significantly more effective. 

An arsenical spray solution of acid reaction seems most effective in 
the field. The lowest effective concentration of the acid was apparently 
1.0 N. 

Prom late afternoon until midnight has b(‘en advocated as tlie best 
time to use this type of spray. The data given confirm this recommenda- 
tion. 

For best results the soil in which the plants are groAving should not be 
(excessively moist. There should be a full development of foliage. 

Application of water to the dead foliage on the morning after spray- 
ing increased the percentage of ])lants killed. 

The stock arsenical solution is prepared by mixing dry 4 parts by 
weight of As.O., and 1 part by weight of NaOII , adding 3 parts by weight 
of water and stirring until dissolved. 

The spray solution is made by diluting 1 part by Aveiglit of tlie stock 
arsenical solution with 100 parts by weight of Avater, mixing thoroughly, 
and then adding, witli constant stirring, 5 parts by weight of concen- 
trated H0SO4. 

About 500 gallons of this spray solution will be needed in treating an 
acre of morning-glory. Weeds having more abundant top groAvth re- 
quire more solution. 

A nozzle giving a fan-shaped spray, operating at 100 pounds pres- 
sure, has proved satisfactory. 
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The seedlings which come \ip after irrigation or during the spring 
after spraying on unirrigated land should be killed by cultivation or 
spraying. 

No permanent injury to the soil results from this type of treatment. 

The arsenious oxide and concentrated sulfuric acid used in the prep- 
aration of tlie spray solution should be handled with great caution. 
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REPRODUCTION WITHOUT MALES IN ASE PTIC 
ROOT CUI/rURES OF THE ROOT-KNOT 
NEMATODE^ 

JOCELYN TYLERS 


Parthenogejiesis and syngonism'' are recognized phenomena among 
the Nematoda, yet in tlie root-knot nematode, Heierodera marioni (Cor- 
nu)/ where males do occur, their function in reproduction lias been 
taken for granted. Byars (1914), however, did suggest the possibility 
of iiarthenogenesis in this nematode. Gabriel (192()) assumed its prob- 
ability because he found several generations in one gall. 


1 Received for publication March 25, 1932. 

2 Research Assistant, Division of Entomology and Parasitology, University of Cali- 
fornia, Berkeley. 

3 Maupas (1900), Cobb (1918), and others, have found that in certain free-living 
iKiinatodes the gonad of the female produces spermatozoa, which are stored in a 
seminal receptacle and fertilize the eggs which are produced subsequently. 

4 llliiH nematode lias long been known as Heierodera radicicola; but, as Goodey 
(193S) points out, the original description of Anguillula radicicola by Greelf (1872) 
obviously does not refer to tlie root-knot nematode. Cornu (1879), then, was the first 
to publish a name for the latter, which he called Anguillula marioni. His descriptions 
and figures, tliough inaccurate and incomplete, do apply unmistakably to the root- 
knot nematode. 

The genus (or subgenus) Caconema, proposed by Cobb (1924), is foundtid on three 
points: the type of parasitism, the structure of the ampliids, and the number of 
testes. None of these is a distinguishing generic character in the classification of 
nematodes. Plant-parasitic and free-living species are commonly contained within the 
same genus (Imperial Bureau of Agricultural Parasitology, 1932), e.g., AnguilluUna 
and Pathoaphelenchus [now Aphelenchoides (Steiner, 1932)]. The amphids vary in 
position, size, and structure from species to species (Steiner, 1923). The reproductive 
organs also are highly variable, as was observed by Biitschli in 1874. According to 
Baylis and Daubney G^26), each of the following genera contains species with two 
testes and species with only one; DiplogaHtery TylencholaimuSy Monhystera, Oncho^ 
laimus, Linhomoeus, Cyatholaimuft, CJiromadora, and Laxus, a genus “of doubtful 
status,^^ in which Cobb (1894; 1914) liimself combined the two types of males. That 
Baylis and Daubney do not consider the number of testes a significant taxonomic 
character is indicated by the fact that they make no mention of the point in their 
synopsis of many of the genera of Ascaroidea, including Spilophoray which may be 
added to the list on the authority of Biitschli (1874). In the descriptions for the other 
four orders, testes are mentioned for only one genus. 
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Eeproduetion without males is obviously a great advantage to a para- 
site which must develop and lay eggs in one isolated location. There is, 
however, no true evidence for the phenomenon without actual pedigrees 
of isolated females, for which controlled laboratory cultivation is neces- 
sary. 

Berliner and Busch (1914) made preliminary attempts to raise the 
sugar-beet nematode, Ilcferodera schachfii, in seedlings in agar. Byars 
(1914) raised the root-knot nematode aseptically through one genera- 
tion in seedling cultures. 


METHOD 

The method of cultivation described in tlie present paper permits the 
easy observation of individual nematodes in a fairly healthy environ- 
ment. Complicating factors are eliminated by keeping the cultures bac- 
teriologically sterile. Exact observations can thus be made on many 
phases of the life history. 

Earliana tomato is used as the host plant. Heeds are disinfected with 
calcium hyj)ochlorite (Wilson, 1915), and allowed to germinate in agar 
plates. The seedlings are transferred to fresh plates of a plant-nutrient 
medium.® One seedling is planted in each plate just before the agar sets, 
and for most of the cultures one nematode in the larval stage is placed 
beside the root tip. For the multiple infestations an egg mass was placed 
near the seedling, which was later found to harbor from 1 to 10 or more 
developing nematodes. Home larvae have difficulty in x)enetrating the 
root, but with good material galls appear in from one to five days, ac- 
cording to the temperature. 

The plates can be kept for observation for a week or two, but better 
growtli is obtained if the infested host plant, or x)art of its root, is trans- 
ferred to a test tube containing Pfeffer's solution. A few grains of sand 
are added to each tube for a possible value in aeration.® The tubes can be 
kept sterile for weeks or months, and incubated as desired. 

For obtaining uncontaminated larvae, the most practicable source of 
material is an infested potato. Here the egg masses are protected by a 
tough brownisli case, which appears to be a shell of crushed plant tissue 
possibly impregnated with the oothecal secretion discharged by the 

5 An agar medium is made with Pfeffer^s solution (Robbins, 1922), modified by the 
substitution of ferric tartrate for ferric chloride (Hoagland, 1919) and by the 
addition of boron (Sommer and Lijiman, 1926). The following formula was used: 
Ca(N 03 ),. 4 H, 0 , 4.0 grams; KllaPO*, 1,0 gram; KNO*, 1.0 gram; KCl, 0.5 gram; 
MgS 04 - 7 Il 20 , 1.0 gram; ferric tartrate, trace; borax, 1:1,000 solution, 5 cc; glucose, 
120 grams; agar agar, 60 grams; distilled w^ater, 6,000 cc. 

6 Method used by G. Thorne. 
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nematode before egg-laying. The cases can be dissected out unbroken 
from the tuber. If they are originally free from contamination, a rinse 
of 3 to 5 minutes in hydrogen peroxide (c.p., full strength, i.e., 3 i)er 
cent) will clean them of any external organisms acquired during the 
manipulation, which need not be too carefully aseptic. From the perox- 
ide, the egg masses are placed directly on agar plates, where any chance 
contamination can be disitovered. Egg masses from tomato galls have 
also been used. They are considerably less convenient because the j)ro- 
tecting cases are more fragile. It is also difficult to clean contaminating 
soil from the small galls. 

The first larvae to enK'rge in th(' plates are those which have hatched 
some time earlier and lain packed, inactive, within the egg case. Later 
individuals are evidently newly hatched from the eggs. They wander on 
or through the soft agar and can be handled conveniently with a jiointed 
splinter of bamboo, as used in Thorne’s laboratory. A supply of splinters 
can be sterilized in test tubes in the hot-air oven. 


ABILITY OF LARVAE TO ENTER ROOTS 

In view of the abundance of nematode galls in the field, it was most 
surprising to meet with considerable difficulty in obtaining galls in cul- 
tures, even on healthy growing seedlings. A great difference in the abil- 
ity of nematodes to jienetrate plant tissue was observed in different lots 
of larvae. 

In an attempt to analyze this bodiavior, over 8,()0() larvae have been 
tested. It is seen in table I that larvae^ raised in root cultures are able to 
enter fresh roots readily, while an initial infestation from field material 
was obtained less often. In the itemized daily records, infestation by 
larvae from cultures has been as high as 90 and 100 per cent of the indi- 
viduals tested. When larvae hatched from a i)oor root were active 
enough to use for F^ cultures, they were as successful in entering the 
new host as were larvae from a better environment. By contrast, some 
lots of larvae from potato gave no galls, and only a few' of the others gave 
50 per cent infestation. Larvae from tomato gave 0 to 30 per cent. 

There is no indication that external conditions aft‘ect the situation. 
It api)ears to be in the nature of some lots of larvae to enter the root tip 
readily and of other lots to find difficulty in penetration. Several pos- 
sible explanations have been tested and discarded. 

The first suggestion was that there might be a condition of dormancy 
of the nematodes in a dormant potato, or else that the larvae there were 
somewhat older and w^eaker than the normal. Egg masses were then taken 
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fresh from tomato roots growing in pots. There is no reason to assume 
that dormancy occurs under greenhouse conditions,- yet the T)roportion 
of galls formed hy these larvae was even lower than by those from potato. 

This comparison also an.swers Steiner’s (1925) sugge.stion that a race 
of nematodes accustomed to ])otato might resist a change of host. On the 
contrary, larvae from potato make more galls in tomato seedlings than 
do those from greenhouse tomato roots (table 1). The larvae from one 
lot of ]>otatoes' in jiarticular showed a high power of infe.station. These 
nematodes had been in iiotato only two or three generations, however. 
Their j^revious host v\as tomato. 


TABLE) 1 

Hoot I’FNr^j k \tu)n b\ Lakvaf from Diffirfnt Sot’R( fk 


Material 

l^otato (3 lots vaiiousaKes) 

'1 otiiaio (tresh from greenhouse) 
I*otato No u4f>4 

1 ubo cultuies (mostly from isolated 
lemales) 


Larv ae 

Per cent 

tested 

mfestatjon 

1 810 

G 0 

1,599 

4 0 

91 

27 5 

4.931 

64 2 


There is no reason to sns[)eet the peroxide treatment of weakening tlio 
eggs or larvae. All the egg masses from No. n464 reeeived tliis treatment^ 
as did also a few of the galls from cultures. Material so treated gave 
infestations np to 90 jier cent. 

Cultured larvae ai)pear exceptionally large and vigorous. The ab> 
sence of otlier organisms cannot account for this liecause the egg masse^s 
’within an otherwise healthy {)otato are e(inally aseptic. 

Only two observations seem to have significance: (1) There is an ap- 
parent stimulation of larvae which have liatehed in a liquid. This has 
been observed in sterilized Pfetfer’s .solution, and in tap and distilled 
water. (2) Larvae hatched and “dormant’" within tlie egg mass in potato, 
and larvae kept in tubes of any liquid longer than a few weeks, seem to 


7 In Decembor, 392S, potatoes wore r(*C(‘ivcd from Goodyoar^s Bar, in the Sierra 
Nevada foothills. Though stunted by nematode attaek, the tubers seemed to have re- 
sisted the invaders by walling olf many of them with heavy brown tissue. Potatoes 
grown from this strain failed to carry on the resistance. Small tubers of the third 
generation were harvested from one can (No. n404) in November, L929, after four 
months’ growdh outdoors in Berkeley. The potatoes were kept in the laboratory all 
winter, and dissected April 17, 1930. Nematodes were found in only 5 of the 28 tu- 
bers, but one of these was packed wdth nematodes in all stages of development. It was 
a potato only % inch in diameter. Over a thousand females, large and small, were 
counted with the naked eye. Three fourths of the tissue of the tuber showed a watery 
degeneration from the heavy infestation. The other four tubers had small watery 
spots packed with nematodes. 
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be less active in infesting a root. Even cultured larvae become weakened 
if kept too long in their sterile tubes. Tlieir reserve energy^ is used up in 
fruitless activity. In the field, larvae are believed to survive 15 months’ 
starvation (Bessey, 1911). Dryness, temperature, and aeration may 
have mucli to do with their survival, and there may in reality be only a 
small proportion of a population wliicli is able to start the new infesta- 
tion. 

NUTRITION AND DEVELOPMENT OF NEMATODES IN ROOT 

CULTURES 

Among the seedlings used as host plants, there occurred wide differ- 
ences in the vigor of root growth. Tn general, tlie development of the 
nematode corresponded to tlie condition of the liost. This statement may 
seem obvious, yet it becomes significant as the ])rogressive effects of mal- 
nutrition are seen, culminating apparently in an alteration of the sex 
ratio. 

In primary cultures, when only one nematode was used for each 
})lant, 50 ])er cent of the population comi)leted the life cycle from larva 
to larva (h|>cr cent hatch,” table 2), but when one seedling had to sup- 
[)ort several parasites, only 10 ]>er cent completed the cycle. Again, in 
single-nematode cultures, only 12 per cent failed to develop as far as 
sexual differentiation, while in multiple infestations, 61 per cent re- 
mained undifferentiated. 

A more extreme case of undernouri.shment occurred in long-unopened 
cultures (“secondary galls,” table 2). Some of the F, larvae in tubes 
attacla'd tlie root of the liost plant from whicdi tliey had hatched. Tlie 
plants had been weakened by age and artificial conditions to the point 
where they no longer provided liealthy growing tissue for their para- 
sites. These secondary galls turned browm, and the effect of starvation 
on the nematodes was conspicuous: 79 per cent remained undifferen- 
tiated, and only 2 of the 20 females contained ova, which failed to de- 
velop. 

(hiltural conditions were not always unfavorable for the development 
of nematodes. In culture No. 2391, one female laid 1,998 eggs, counting 
1,406 larvae and 592 unhatched eggs, the highest number of eggs re- 
ported for a single female. 

Development from larva to larva is possible even in some very unfa- 
vorable roots, but the number of eggs laid, and the number, size, and 

« Godfrey, Oliveira, and Gittel (1933) liave denionstrHted tlie food inaterijil stored 
by Heterodera manoni as layers of fat in the cells of tlie intestine. 
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vigor of larvae are subject to nutritional conditions. Galls can be formed 
in bits of root tips as short as 5 mm. These conditions are far from nor- 
mal, but the life cycle has been completed in several such cultures.*^ 

From time to time a gall has been found in wliich the nematode was 
apparently too weak to lay her eggs, or wiiere external pressure left no 
room for an egg mass. Larvae inside tlie body of the female appeared 
healthy. A similar situation occurs in potatoes, where sometimes the last 
eggs are not laid by an exhausted female. Nagakura (1930) describes 
such a female as a ^"BriitJcapsfr\; it may be also the “cyst form^’ of Jones 
(1932). 

TABLE 2 

Rex ANT) Amoont of Development of Nematodes in Cin^TURES 


Type of 
gall 

Infestation 

Root 

growth 

C) 

.5 

a 

£ 

to 

a 

53 

4.1 

W 

J 

P'emales 

Total number of j 

nematodes j 

I.. 

a> 

to 

q 

g.a 

5 i) 

Ah 

j 

Per cent malesf | 

++ 

1 

a 

JS 

§ 

£ 

a 

.0 

s ^ 
|| 

1 

Ah 

No eggs or 
no hatch 

Eggs hatched 

Insufficient 

time 

Sufficient 

time 





Pwr 

63 

6 

49 

94 

95 

307 

20.5 

2.5 

37 7 

58 5 





Fair 

! 

2 

130 

115 

158 

466 

13 1 

0 5 

47.3 

54 4 



Single j 


Good 

39 

1 

117 

158 

285 

600 

6 5 

0 2 j 

59 1 

53 7 





All roots 

163 


296 

367 

538 

1,373 

11 9 ’ 

0 7 ’ 

60 4 

54 2 







1 


























! 

r 

T^oor 

41 

4 


18 

7 

70 

58 6 

13 8 

10.6 




! 


Fair 

52 

6 


14 ' 

5 

77 

57 5 

24.0 

7 0 




MuUi})le •{ 


Good 

3 

0 


4 

3 

in 

30 0 

0 0 

30 0 






All roots 

96 i 

10 


36 

15 

157 

61.1 

16 4 

10-2 


Secondary 

Multiple 

Old 

174 

26 


20 

0 

220 

79 1 

56.5 

0 0 



* These nematodes were allowed sufficient time to complete the life cycle, 
t Per cent males is the ratio of males to the total adult porjulation. 

J Per cent hatch is the percentage of all the nematodes in any series (excluding males, and t he females 
which had insufficient time for development) w’bich completed the life cycle. 

^ Per cent infestation is based on the number of larvae tested. Only a few subcultures were made 
with Fi larvae from multiple infestations. 


I>EDIGREES 

The conditions of the method outlined above are such that, if each 
plate is planted wuth only one larva, the fact of reproduction without 
males can be clearly established. In most cases the unmated females in 
cultures laid viable eggs. When these eggs hatched, subcultures were 
started using the aseptic larvae, one to a plate. 

® Five out of 12 cultures gave the comx)lete cycle. Of the other 7 individuals, 1 re- 
mained immature, 2 were males, and 4 were females. 
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TABLE 3 

Reproduction by Isolated Females in One Family of the RocKr-KNOT Nematode 
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TABLE 4 

Kepeoduction by Isolated Femai^es jn 
Families pbom Various Soukces 



TABLE 5 

Kepuodtu'tion anm) Tna'idence of Males in First-(teneration Ctu/ri res of 
Nem atodes from Various Soil Poimjlations 


Feniales: sufficient time 


Source of larvae 

Infestation 

Males 

No eggs or 
no hatch 

Eggs 

hatched 

Per cent 
males 

1 

California, 1U29 

/ Single 

1 3 

9 

17 

10 3 

Coirjniercial 


\ Multiple 

2 

(i 

2 

20 0 

potatoes 

Nevada, 1929 

/ Single 

0 

4 

9 

0 0 



\ Multiple 

0 

11 

4 

0 0 


[ California, 1930 

Single 

0 

0 

5 

0.0 

Potato No. n464 


Single 

0 

1 

11 

0 0 

Greenhouse tomato roots | 

/ Single 

0 

3 

25 

0 0 



\ Multiple 

i 

1 

13 

3 

6.9 
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One family of the root-knot nematode has been carried through 12 
generations by repeated isolations. The pedigree is given in table 3, in 
which individual nematodes in primary galls are represented by culture 
numbers. The original y)arent of the family, No. 408, was a nematode 
from a commercially grown potato (‘‘California, 1929,” in table 5). 
Each culture number, including No. 408 but excepting those designated 
as males and one culture designated as multiple, stands for an isolated 
female with life history complete from larva to larva. Females with 
incomplete life histories have been omitted from the pedigree, except 
that in cases where males would otherwise appear to predominate, the 
number of females with incomplete life histories in primary or in sec- 
ondary galls is also given, marked with a double or a single asterisk. 
The occurrence of males in secondary galls is indicated by the number 
of males, marked with an asterisk. 

Additional pedigrees are shown in table 4, one family with 5 complete 
generations and five with 2 complete generations of isolated females. 
Th(^ 6 nematodes which form the first generation of these (5 families 
resj)ectively were taken in the egg stage from commercial })otatoes 
(“(bilifornia, 1929,” in tal>le 5), from the home-grown potato, No. n464, 
and from tomato galls grown in the greenhouse. 

Table 5 shows the first generation of nematodes in test-tube cultures 
started from field or greenhouse populations. It includes tlie 7 females 
of the first generation which appear also in tables 3 and 4, making a 
total of 67 unmated females whose eggs hatched normally, sufficient to 
show that reproduction without males occurred readily in the first gen- 
eration of the 5 poimlations tested. There was a high percentage of 
males from the first potato ])opulation, but because the 5 males were all 
in poor roots, their occurrence is not inconsistent with the behavior of 
other material. 


OCCURRENCE OF MALES IN CULTURES 

In single-nematode cultures (table 2), there were only 9 males to 
1,201 females. There were 10 males to 51 females in the multi{)le jirimary 
infestations, and a still higher ratio of males in the secondary galls, 
which contained 26 males to only 20 females. Some of the males were 
less than half the normal length. 

The difficulty of development in the more heavily infested roots can 
be seen by comparing the tliree types of infestation in table 2. Condi- 
tions of nutrition were most favorable in single primary infestations, 
less so in multiple primary infestations, and conspicuously unfavorable 
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in the secondary infestations, which were also multiple. Accordingly, 
the percentage of larvae which were unable to reach the stage of sexual 
differentiation increased through the series, while the percentage of 
females whose eggs were able to hatch decreased from single to multiiile 
primary infestations, and in the secondary infestations there were no 
eggs laid. The increase in percentage of males developed in the cultures 
is correlated with the increasingly adverse conditions of nutrition. 

There is no indication that this is merely a female-producing strain 
of the root-knot nematode. The occurrence of males appears to follow 
the same pattern in the different populations used. Table 2 shows 19 
males in primary and 26 in secondary infestations. This is the total 
number of males developed in all cultures. Tables 3, 4, and 5 give their 
positions in the families, where no genetic relation can be found. The 6 
males in original infestations from potato or tomato material (table 5) 
occurred in poor roots, and unfavorable cultural conditions also pre- 
vailed in the secondary galls, which provided by far tlie highest per- 
centage of males. 

The cultures of the sugar-beet nematode made by Berliner and Busch 
(1914) ahso produced males in host roots which api>arently made little 
growth. A male developed in a decaying bit of root, in which a second 
larva failed to grow at all. The male Avas perfectly formed but abnor- 
mally short, because of undernourishment. Another male is described, 
but only one female, “almost mature.^’ 

Although it was not the purpose of tliis investigation to deal with 
genetic problems, it does not seem unreasonable to suggest that condi- 
tions of nutrition may be important enough in the early .stages of devel- 
opment to change the physiological balance of certain individuals. This 
point of view has been recognized by Babcock and Clausen (1927), who 
conclude their chapter on sex determination as follows : 

The thesis that sex under normal conditions is deterinined at the time of fertiliza- 
tion is supported by abundant cytological and genetic investigations. This theory is 
not inconsistent with tlie view that the differentiation of sex during development 
depends upon a complex sc*ri('8 of interactions between factors located in the sex chro- 
mosomes and autosomes ; nor with the observation tliat internal secretions of the go- 
nads and other glands may play an important part in the process. Nor is it incon- 
sistent with the view that the sexes may be characterized by differences in metabolic 
rate, nor that changes in the metabolic rate or alterations in the type of internal 
secretions circulating in the blood during development may go so far as to reverse 
completely the sex determined by tlie original zygotic constitution. 

It may be interesting to note that Allen (1932) compares hermaphro- 
ditism in animals with the situation in monoecious plants, where “the 
potentialities for the production of the characters of both sexes must 
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reside in each individual/^ and the expression of either set of characters 
may be favored or inhibited by additional factors, either genetic or en- 
vironmental. 

There is a temptation to ask whether fertilization may not be neces- 
sary or helpful at the very time the males appear, i.e., when a population 
has been weakened by malnutrition ; but that would be to plead the 
direct influence of nutrition on sex. Furthermore, it is not known 
whether these or any of the males are functional, nor whether fertiliza- 
tion may be haphazard. Maiipas (1900) considers that the few males 
which occur in X)arthenogenetic species are only atavistic, and lack the 
mating instinct. 

Any conclusions must depend, of course, on a study of the germ cells. 
In Ascaris (Edw^ards, 1910) and in some other nematodes (Gulick, 
1911) sex determination is of the XY type. There is no information on 
the chromosome behavior of Heterodera, nor is there cytological evi- 
dence on the question of i)arthenogenesis vs. syngonism.^‘^ 


OCCdJRRENCE OP MALES IN ROOTS GROWN IN SOIL 

Occasional lots of field material liave been found wdth a preponder- 
ance of males. This condition w^as conspicuous in straw9)erry roots from 
San Luis Obis|)o (''ounty. Nearly every gall contained 1 or 2 males, and 
some showed 5 and 6 males to 1 female. These males seemed unusually 
short and broad. Strawberry roots obtained from the same field a month 
later yielded fewer males. 

The value of a census taken by dissection of galls and egg masses is 
limited because of the free traveling of the males. However, when the 
question was raised, counts w^ere made l)y dissection of various lots of 
material. They are given in table 6 as a matter of general interest. There 
is no correlation betw^een the ditferent percentages, and more cases 
would be needed before conclusions could be drawn. 

The lack of males was not observed in seedlings growui in jars of soil 
for temperature experiments in 1925 and 1927. The roots were dis- 
sected before the males had time to W'ander, and data are thus more com- 
plete than for random field collections. But because the small seedlings 
were heavily attacked from the beginning, neither the plants nor the 

Atkinson (1889) found spermatozoa in the oviducts of the root-knot nematode. 
Nagakura (1930) describes and tigures the seminal receptacles, in which he saw 
many spermatozoa. He states that dead males were frequently found among the eggs 
in the ootheca. These reports raise more questions for the eytologist to answer. Von 
Sengbusch (1927) observed copulation twice in experiments with the sugar-beet 
nematode, and found spermatozoa in most of tlio females examined. Considering the 
abundance of males in the sugar-beet nematode (Molz, 1920), it is very possible that 
normal mating may occur in that species. 
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nematodes bad a fair chance to develop normally. For completeness of 
count, the tube cultures are of course the most accurate of all, and it is 
there that the fewest males are found. 

In the 1981 temperature experiments, in soil between 12'' and 26” C, 
only 8 males were found, mostly in decaying galls, while there were 992 
females, in roots of every degree of vigor. However, in 3 cages at 28” C, 
there were 74 males to 354 females. The air bath used in this experiment 
did not favor a healthy growth of the host plants. The soil dried rapidly. 


TABLE 6 

Males .Found in Boots Grown in Boil 


Host plant 

Source 

Males 

Females 

Per cent 
males 


1 

f San Luis Obispo County 

48 

29 

62 3 

strawberry 


i San Luis Obispo County, second shipment 

27 

72 

27.3 



[ Carlsbad, California 

1 

30 

2.7 


1 

[ Old roots in formalin 

I 

25 

3 8 

Potato 

J 

' From Nevada, 1929 

0 

41 

0.0 


1 

[ From California, 1930 

0 

24 

0.0 



^ Fresh fmrn greenhouse 

19* 

178 

9 6* 



I/ater generations of strawberry strain from 






Carlslmd 

6 

! 23 

20 7 

Tomato 


Later generations of strawberry strain, second j 






shipment from San Luis Obispo County j 

22 

329 

6 3 



Temperature experiments fl925 i 

15 

89 

14.4 



(not at extreme teni- S 1927 

70 

1,014 

6.5 


peratures) p931 • 28® C 

74 

354 

17,3 


\ Other cages 

8 

992 

0 8 

Totals 


291 

3,206 

8.3 


* Of the 19 males, adult or develoi^ing, noted above from tomato. 10 were found in one large gall, 
he j>ercentage of males is raised by this one gall. 


The roots were too heavily infested with nematodes: 46 of the 74 males 
were develoiied in crowded galls. Temperature does not directly influ- 
ence the sex ratio, for in experiments with 885 single-nematode cultures 
at all temperatures, including the biological extremes, there were only 5 
males — all in poor roots. There were no males at all in the culture-solu- 
tion exjieriments between 25° and 35°. 

On two other occasions a ‘hiest^^ of males has been found in one gall, 
an obvious case of overcrowding. One was a tomato root fresh from the 
greenhouse. Ten males were found in one large gall. In the 1925 tem- 
perature experiments, one gall contained 6 males and 2 young females. 

There was crowding in tube cultures also. The 14 secondary galls 
in culture No. 2785 gave a count of 12 males, 3 immature females, and 
9 individuals in earlier stages of development. In culture No, 4748 the 



April, 1933] Tyler: Meproduction Without Males in Moot-Knot Nematode 385 

primary infestation was too heavy for good growth, and dissection of 
6 galls showed 29 individuals in early stages, 6 males, and 4 females 
without eggs. These two cultures occurred in difi'erent families, as can 
be seen in tables 3 and 4. 

Molz (1920) found that in the sugar-beet nematode the development 
of females was favored by a lieavy nitrogen fertilization and by other 
conditions which promoted a vigorous growtli of the host plants, and 
that a larger proportion of males appeared when the liost i)lants were 
weakened for any reason. According to his figures, males of that species 
are usually more numerous than females. 

llornburg (1929) was able to raise tlie ratio of males of the sugar- 
beet nematode from 90 to 500 |)er 100 females, or to reduce it from 300 
to 90 per 100 females. His treatment, watering tlie host plant with in- 
fusions of other plants or of seeds, did not affect the amount of infes- 
tation. 

SUMMARY 

A method of obtaining unconi, aminated larvae and of raising them in 
sterile seedlings is described. This method of cultivation lends itself to 
the detailed study ol* a variety of problems. 

Larvae rais(Ml in root cultures w(U’e much more active than larvae 
from the field in entering growing seedlings in vitro. Idiere was also a 
great variation in this respect among different lots of nematodes grown 
in soil, related in part but not wholly to the freshness of the larvae. 

A healthy condition of the host plant is im])ortant for the develop- 
ment of its parasites. 

Reproduction without males api)ears to be regidar and normal for 
th(* root-knot nematode. One family has been carried through 12 com- 
plete generations by repeated isolations, and the same type of reproduc- 
tion has been demonstrated in other families from various sources. 

The occurrence of males is rare : only 0.7 per cent have been found in 
single-nematode cultures. Males a|)|>eared more frecpiently in old, un- 
healthy, or heavily parasitized roots. There were 16.4 i)er cent in multi- 
])le ])rimary infestations, while in secondary infestations, also multiple, 
56.5 per cent of the nematodes which were able to develop were males, 
a ratio of 130 males to 100 females. Observations are presented which 
suggest that in the field also males occur under adverse conditions. 
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DEVELOPMENT OF THE ROOT-KNOT NEMATODE 
AS AFFECTED BY TEMPERATURE 
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DEVELOPMENT OP THE ROOT-KNOT NEMATODE 
AS AFPECTED BY TEMPERATURE^ 

JOCELYN TYLER-’ 


INTRODUCTION 

It is well known that invertebrate animals are dependent on the tem- 
perature of the environment for their vital activities. In the case of the 
root-knot nematode, Heterodera marioni ((h)rnii), this is a factor which 
must be considered in every phase of biological study. Since it has a 
direct influence on the rate of metabolism, it is obvious that it must also 
have an important bearing on problems to which it has not heretofore 
been applied, sucli as rate of travel through soil, rate of killing by chem- 
icals, and rate of starvation in fallow fields, as well as on the amount 
of infestation and tlie damage done to cro})s, which have been investi- 
gated by Godfrey (1926) and by L. II. Jones (1932). 

Temperature is not, however, the only factor influencing the rate of 
development of this nematode. Godfrey and Oliveira (1932) grew cow- 
pea and piiiea|)pie plants side by side in the greenhouse. Y"et under 
identical conditions, development to egg-laying took 35 days in pineap- 
ple and only 19 days in cowpea. 

Baunaeke (1922) has analyzed the etfeet of temperature on the 
sugar-beet nematode. Ilis thesis is that the larva, wliich may normally 
survive in the soil for montlis without feeding, depends on a food reserve 
which it has stored up from the egg. ^Yhen the soil is cool the larvae are 
fairly inactive, and the reserve will be used slowly. AVith higher tem- 
peratures, motion and also sense i)erception arc accelerated, so that the 
larvae should be able to find host i)lants before the food reserves become 
exhausted. For the sugar-l)eet nematode he gives the optimum tempera- 
ture as 25"^ C, with a maximum activity at 28'\ This increased activity 
is an escape reaction, which should in nature assist the migration of the 
larva to a host root or to a cooler environment. If prolonged, it causes 
death by exhaustion as an indirect result of the high temperature. 

In the present paper, it is proposed to analyze tlie reactions of the 
root-knot nematode to tem]>erature, as nearly as possible apart from 

^ Received for publication September 26, 1932. 

2 Research Assistant, Division of Entomology and Parasitology, University of 
California, Berkeley, 
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other factors. One of the principal objects has been to determine the 
shortest time for development at different temperatures. The conclu- 
sions may not hold good for all hosts, as Godfrey and Oliveira (1932) 
have demonstrated, l)ut tlie tomato plant is a very favorable host and the 
minimum records obtained for it are probably not far from the mini- 
mums for most other plants. 

METHODS OF EXPERIMENTATION 

Earliana tomato was used exclusively as tlie host plant. Infested roots 
were grown at controlled temperatures in three series of experiments, 
one ill Pfeffer’s solution and two in soil. Results were consistent through- 
out the three series. 

The aseptic seedling cultures described in the foregoing pa]ier (Tyler, 
1933) made suitable material for temperature experiments. In order to 
study the behavior of individual nematodes, only one worm was used in 
a culture, and the time was recorded for each culture separatel.y, start- 
ing at the first sign of gall formation, when the seedling was trans- 
planted to a test tube containing PfefTer's solution and ])laced in an 
incubator chamber. 

In 1927, experiments wer(^ made with tomato jilants growing in jars 
of soil, in a water bath patterm^d after the tanks installed at Johns 
Hopkins University (Livingston and Fawcett, 1920). The water was 
kept in continuous circuilation around the jars by bubbling compressed 
air up from the bottom of the tank through a series of holes in a tube the 
length of each compartment. Battery jars were filled with infested soil 
from the greenhouse, subirrigated by the method of Jones and Tisdale 
(1921). When this soil liad been brought to the desired temperature, 
nematode-free seedlings were transplanted into it and the records of the 
experiment Mere started. Tlie soil temt)erature w^as guarded by an in- 
sulation of mineral wool (Jones and Tisdale, 1921). The tops of the 
plants were in the air of the room. 

In 1931 plants were grown in the type of root cages described by 
Dean (1929), some in cold storage and others in an air bath heated by 
thermostatically controlled light bulbs, wdth air circulation supplied by 
a small electric fan. Records were started when a water suspension of 
active larvae was poured directly over the previously uninfested roots, 
where they grew along the glass at the side of the cage. 

Standardized thermometers were kept in positions Mdiere they would 
show the actual temperatures of the roots. For soil experiments they 
M^ere set into the soil at the depth of the galls. For culture-solution 
experiments they M^ere placed in tubes containing tap water, two for 
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each basket of culture tubes. Charts of the root temperatures were made 
from thermograph records checked against the thermometer readings. A 
fluctuation of ± 1° C was unavoidable in some of the experiments. Any 
wider fluctuations were only temporary. Four or five accidents occurred 
in the different experiments, giving a deviation of 3° to 12°, but not 
reaching extreme temperatures. In most cases, the fluctuations were 
only a fraction of a degree beyond the limits establislied. The total time 
for both types of variation was never more than 20 per cent of the time 
of any of tlie experiments reported, and generally much less. 

Moisture control was not considered necessary in the soil experiments, 
because this nematode thrives, especially in the gall, throughout the 
moisture range of good plant growth (Godfrey, 1926). 

Artificial light was supplied for plants growing in soil. Some of the 
roots in culture solution grew as well with stem and leaves removed as 
did others with top juirts intact. 


METHODS OF IMEASUKING DEVELOPMENT 

The stages of development from stage 3, the free-living larva, to stage 
12, the full-grown female, are numbered in accordance with ])late 1 of 
Bessey’s paper (1911), which is reproduced in part in figure 1. After tlie 
nematode has reached stage 12. the gelatinous oothecal secretion is 
extruded from the vidva, and somewhat later small ova can be found in 
the oviducts. The final stage for these experiments is the extrusion of 
the first eggs. Tlie metamorphosis of the male is shown in stages 1-1, 
14, and 15. 

Each record shows the stage of development readied by one nematode 
in a certain number of days at a certain temperature. Since the galls 
were dissected for examination, only one observation could be made on 
eacli nematode, and the slower cases are open to several possible inter- 
pretations. There are individual differences in rate of development, as 
will be shown in connection with the rate of egg-laying. Tn some cases, 
however, development is undoubtedly arrested by unfavorable condi- 
tions, and this may have occurred some time before the examination, so 
that there is no way of determining when the recorded stage was reached 
except by comparison with other individuals at the same tem[)erature. 
Allowance should also be made in soil experiments for delayed infesta- 
tion. The minimum-time records are more significant because they give 
definite evidence of what really happened during the time of the experi- 
ment. 

The time and temperature relations may be expressed in heat units. 
Each Centigrade degree above 10°, acting for one hour, is counted as 
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Fig. 1. Stages in tlie development of the root-knot nematode. [After Bessey 
(1911), by permission from tlie United States Department of Agriculture.] 1 and 2, 
Developing eggs. 3 and 4, Free living larva and its anterior portion. 5 to 8, Stages in 
growth of larvae. 9, Posterior i)ortion of immature female just before molting, recog- 
nized by the old larval tail whi( h has not been stretched along with the rest of the 
cuticle. 10, Female after molt: n, anus; c, vulva. 11, Posterior portion of young fe- 
male. 12, Full grown female: a, alimentai) canal; fo, loop of oviduct; e, vulva. 13 and 
14, Metamorphosis of male. 15, Free adult male. 
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one effective unit. A temperature of 16° for 24 hours is thus counted 
as 24 X 6 = 144 units. Summation of these units gives a measure of the 
heat requirements, which are approximately constant for a given stage 
of the life history at any medial temperature, and which increase with 
succeeding stages. For example, the normal range was as follows, both in 
soil and in culture-solution experiments: 500 heat units for gall forma- 
tion by larvae ; 2,100-4,000 for development of a nematode from the ap- 
pearance of a gall to stage 9; 3,700-6,000 to stage 10; 4,800-7,000 to 
stage 12 ; 6,300-7,500 to the formation of ova ; 6,500-8,000 to the begin- 
ning of egg-laying; and roughly 5,000 more for the development and 
hatching of eggs. Shelford (1927) has pointed out several objections to 
the summation method, ft has nevertheless a practical usefulness, and 
its inaccuracies are no greater than the variations shown by individual 
nematodes. It also emphasizes certain differences between mathematical 
expectations and experimental results, such as the amount of develop- 
ment at very low temperatures, and the different threshold relations of 
young and mature stages. 

For any stage of develoi)ment, the time and temperature records of 
individual nematodes at medial temperatures fall roughly into a para- 
bolic curve (fig. 2 ) , practically paralleling the curve of hour-Centigrade- 
degree units. A lieat-unit curve can thus be used as a working basis for 
predicting the time rerpiired for development at any given temperature, 
within the medial range, and is useful in comparing records obtained at 
different temperatures. 

Heat units were computed empirically from 10° C because 11.5°, the 
point’^ of the rate curve (fig. 3), was too high for many of the low- 
temperature experiments, while 9°, which is close to the true thresliold 
temperature for early development at least, is too far from this curve. 
The threshold of development is below the paral)ola and the rate curve 
in any case (Krogli, 1914), and parabolas calculated from 10° are har- 
monious with the majority of the data from experimentation. 

In cultures held at 10° or 12° C for a long period, considerable de- 
velopment may be shown where only a few hundred heat units are re- 
corded. In such cases the threshold temperature is ol)viously below 10°. 
At these low" temperatures the sum of heat units above 9° is often two or 
three times the number computed from 10°, although in brief exposures 
at higher tem{)eratures the difference is negligible. In such special cases, 
the usual computation gives a false picture of the situation, and the rate 
of development can be better interpreted by calculating heat units from 
the threshold, 9°. AVhere these are mentioned both counts are given, but 
unless explicitly stated heat units are computed ouIa^ from 10°. 
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26 0 
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22 0 

18 6 
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17 0 
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16 0 

15 5 
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14 5 

14 0 

13 3 

13 0 

12 5 

12 0 

11 5 

11 0 

10 7 

10 0 

9 5 


iSth plotted in figure 2, In 3 cases, records of egg-iaying at two temperatures a quarter of a degree apart, not shown sepa- 

t In the 29-day culture, plotted in figure 2, larvae were fully developed but not hatched from the e^s. 
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KATE OF DEVELOPMENT AT DIFFERENT TEMPERATURES 

Tables 1 and 2 present the experimental data in condensed form. A 
wide range in rate of development is inehided, but the very slowest cases 
have been discounted and their records omitted. 

PVom these data, examples of the most rapid rate of development for 
each stage have been selected for figure 2, a graph which shows the time 
of development at various temperatures and the relation of the different 
stages to the parabolas. The culture-solution experiments were started 
after gall formation, while the soil ex])eriments were started with free- 
living larvae. In the graph the former records have been given their 
proper positions in relation to the minimum time required for gall for- 
mation, represented by the })arabola of 500 heat units, so that the stages 
of one complete life history can be j)ieced togetlun’ from the several 
observations. 


TABLE 2 

Time of Development op Nematodes in Soil Experiments, Starting with 
FREE-I aviNG Larvae 


Temp., 

“C 

To stage 8 

To stage 9 

To stage 10 

To stage 12 

I'o oviposit ion 

Days 

Nema- 

todes 

Days 

Nema- 

todes 

Days 

Nema- 

todes 

Days 

Nenm- 

todes 

Days 

Nema- 

todes 

Eggs 
laid per 
female 

35 5 

7* 8 

2 

10 

1 








34 0 

10 

1 

12 

1 

12* 

1 






33 5 



S* 

3 

14 

3 






31.5 

10 

1 

7+-13 


13 i 

2 i 

14* 17 

6 

17* 22 

5 

1 25 

30 0 

7 

1 

10 

1 ! 

13 

3 1 

13 -16 1 

7 

1 17 -18 ' 

2 

17- 28 

28 5 

7 10 

11 

7*- 10 

13 

12 -14 

34 

13 -18 

53 

J7 

7 

1- 50 

28 0 



10 

I 

10* 

1 

13* 17 

64 

17 

3 

1 

27 5 

7 -10 

21 

7 -10 

10 

15 

3 

17 

44 

17 

4 

1 5 

27 0 

7 -10 

9 

7 -10 1 

5 

12 15 

6 

15 17 

59 

16* -19 

5 

1- 15 

26.5 

8 

4 

10 -12 

2 

14 

3 

17 -19 

11 

20 21 

38 

1 150 

26.0 

6 -10 

3 

7*-12 

4 

13 -17 

6 

19 

1 

21 

75 

2-150 

25 5 

11 

1 

ll 

1 

14 -16 

9 

16 -20 

37 

20*- 22 

26 

1- 50 

25 0 

6 - 10 

13 

8 -13 

4 

13 -16 

1 4 

16* 20 

4 




24 5 

7 

1 

H 

1 

17 -21 

9 

20 -22 

58 

21 -30 

^ 10 

3 - 80 

24.0 

6* 12 

57 

9 -15 

14 

14 - 20 

34 

18 -20 

3 

25 27 

25 

15 156 

23 5 

9 

8 



19 -21 

9 

19*-24 

24 

28 -29 


25 100 

23 0 

9 -13 

14 

13 -10 

4 








22 5 

11 -12 

4 

11 -16 

43 

17 -18 

14 

25 - 26 

35 

26 

5 

1 I- 20 

20.0 

1 11 

1 

14* 

1 

25 

1 

26*-31 

2 

31* 

1 

15 

19,0 

! 17 -20 

18 

17*^20 

13 

26 -29 

5 

38 

4 




15 5 









67 

2 

5- 35 

14 0 

44 

1 










13.6 





56* 

4 

73* 

2 




12 8 

41 

1 










12.2 

60 

2 











* Record of mininmni time at this temi>erature plotted in figure 2. 




Fig. 2. Minimum time at various temperatures for the development of nematodes from free-living larvae through 
several sta^s of growth to the extrusion and hatching of eggs. The curve of 500 heat units above 10® C represents the 
minimum time allowance for gall formation. The other unit curves are reference lines onlj. 
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This graph (fig. 2) shows that the miTiimiim time required for the life 
cycle in tomato roots from f ree larva to free larva was 25 days at 27.0"’ C, 
increasing to 87 days at 16.5"’. The minimum time from the appearance 
of a gall to tlie beginning of egg-laying was 15 days at 27.0° and nearly 
79 days at 14.3°. In the medial range the rate of increase of time with 
decreasing temperatures was fairly steady and regular. 


TABLE 3 

Variation in Amount of T)evelopmf>nt of Nematodes Under Like Conditions 


Tempera- 
ture, ° C 

Days 

Heat 

units 

Rf>ot 

growth 

Number of 
cultures 

Development of nematodes 





1 

f 1 

Stage 10 

17 0 

53 

8.608 

Fair 

j 

1 

Female with ootheca 



i 



i 2 

Females containing full-grown ova 



1 



1 

Female containing ova 






2 

6 eggs laid 

24 0 

25 

8,357 

1 

Fair 

j 

1 

34 eggs laid 

110 eggs laid 






[ 1 

121 eggs laid 






f 1 

Stage 10 

24.0 

24 

8,018 

CI(X)d 


1 2 

Stage 12 






1 2 

Females with oothecae 






[ 1 

20 eggs laid 





1 

( < 

Stage 10 

24 5 

19 

6,746 

(lood 

1 

i: 

Females containing ova 

2 eggs laid 





1 

f 1 

Stage 9 

29 0 

16 

7,232 

Fair 

1 

I 

1 1 

Stage 10 

Female containing ova 


Tlie rate of development is dependent to an appreciable extent on the 
factor of nutrition, which cannot be controlled without a method of com- 
pletely artificial cultivation. Even at moderate temperatures there was 
considerable variation in rate or in amount of development in Pfeffer’s 
solution cultures that were identical in all external conditions, includ- 
ing a similar amount of root growth. The data for several groups of cul- 
tures compared in this way are sliown in table 3. For each group, the 
galls were formed on the same day by offspring of one unmated female, 
and were incubated side by side. The records for 24.5 ’ C show that it 
was possible under the conditions of that experiment for one female to 
lay 2 eggs and for three others to contain partly developed ova, while a 
fourth individual had reached only stage 10. The slower individuals 
must also be considered, of course, and the average rate of develoximent 
will be presented later, in connection with figure 3. However, the mini- 
mum period of development, as shown in figure 2 by the more advanced 
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individuals at the various temperatures, is of the greatest practical sig- 
nificance because it is experimentally the most accurate, and because of 
its application in control operations by the fallow-field and trap-crop 
methods. Tlie differences in rate of development among cultures in the 
same host s]>ecies and the differences found by Godfrey and Oliveira 
(1932) in different hosts may perhaps be interpreted as different mani- 
festations of the fundamental relation between nutrition and rate of 
develoi)ment. 

STATISTICAL PRESENTATION OP RATE OP DEVELOPMENT 

Pigure 3 is a mean-velocity curve based on the data for egg-laying 
presented in tables 1 and 2. Each line represents a group of records 
averaged by the method of least squares. Temperature and rate, the 
reciprocal of the time of develoi)ment, are tlie variable factors compared. 

Before they averaged, the figures were corrected in sucli a way 
that all records should cover only the time from the aj^pearance of a gall 
to the first extrusion of eggs. The minimum time required for gall for- 
mation (as shown in figure 2 by the curve of 500 heat units) was there- 
fore subtracted from the recorded time of the soil experiments; and 
where a female with an egg mass was found in any experiment, the re- 
corded time of her life history was corrected by the allowance of 12 
units for each egg laid, which will be explained later. 

In spite of the irregularities indicated in table 3, a correlation coef- 
ficient of 0.97 was obtained for the 279 records from 14.3'' to 28.0° C. 
To determine the ‘‘a point’' ( Shelf ord, 1927), the curve for these records 
has been extrapolated to the temperature axis, which it cuts at 11.5 ’. 

At temiieratures under 16.5° C, all the records fall below the first 
curve. Therefore a second curve, with an a value of 10.2 ’, has been 
added to the graph, showing the relatively more rapid rate of develop- 
ment at low temperatures. Although the second curve was made from 
only 10 records, between 14.3 ' and 14.8°, its direction is almost identical 
with one made from the 22 records from 14.3° to 16.3°. 

The curve for the* 22 records above 28° C, averaged separately, shows 
the reversal of direction which, indicates that the a verage rate is retarded 
at high tem]Ku*atures. 

The same types of deviation from the straight line, beyond the tem- 
perature limits of normal development, have been found by other inves- 
tigators (Glenn, 1922; Peairs, 1927 ; Shelf ord, 1927), following the ob- 
servations of Krogh (1914). Shelford (1927) uses the term “medial tem- 
peratures” in referring to the temperature range within which the data 
from experimentation coincide with the parabola of time and tempera- 
ture or with its recii)rocal, the straight line of rate and temperature. 
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THRESHOLD OP DEVELOPMENT 
An experiment was made to test the lowest temperature possible for 
nematode development, using’ newly formed galls in Pfeffer^s-solution 
cultures. There was no development in 33 cultures kept between T.O*" 
and 7. 5'' C for 50 to 105 days, but in similar cultures stored at this tem- 
perature for 58 to 77 days and then removed to room temperature, 5 of 
the 14 nematodes developed and laid viable eggs. 

At 9.5” C there was development as far as stage 9, so the threshold 
temperature must be at or below 9"^. The roots also made some growth. 

It is possible that the threshold is higher for maturity and egg forma- 
tion than for the early stages of development. The velocity curve for the 
entire life cycle has its a point at 11.5^^ C (fig. 3) , and also the egg-laying 
records in figure 2 would be more harmonious with parabolas calculated 
from 11.0”, vdiile stages 10 and 12 are harmonious with the parabolas 
represented on the graph, which were calculated from 10.0°. Ludwig 
(1928), working with the Japanese beetle, and Glenn (1922), with the 
codling moth, found that the egg, larva, and pupa each showed inde- 
pendent threshold and maximum temperatures. 

DEVELOPMENT AT LOW TEMPERATURES 
Eggs were laid at 14.3"^ C, but the greatest development accom])lished 
at a constant low^r temperature was the extrusion of the odtheca at 
13.3°. Tliis occurred in 3 cultures out of the 13 which had fair root 
growth and sufficient time allowance. Yet at still lower temperatures, 
not held constant throughout the experiment, 2 females contained part- 
ly developed ova : one culture had been kept for 297 days at several 
steady temperatures between 7.0° and 12.5°, with a total of 7,722 heat 
units above 10.0° or 12,642 above 9.0° ; the other had been 255 days be- 
tween 7,0° and 12.5°, plus 9 days at 14.0”, with 6,569 or 10,721 heat 
units. The failure at 13.3° can probably be explained as the result of in- 
adequate nutrition, but the possible stimulating effects of temperature 
changes'^ and of subthreshold temperatures .( Parker, 1930) should be 

3 Poaira (1927) considers tliat constant temperatures arc unnatural, and may tend 
to retard devclopinent. Ludwig (1928), on the other hand, found that the Japanese 
beetle developed as rapidly at constant as at fluctuating temperatures, when the ef- 
fects of extreme temperatures were eliminated and fluctuation took place only 
between the threshold and the optimum temperature. However, Cook (1927), Peairs 
(1927) and Parker (19;K)) liave all found an accelerated rate of development for the 
insects investigated, correlated witli daily fluctuations between the tlireshold and the 
optimum temperature. The nematode cultures under discussion are not exactly com-, 
parable with the experiments quoted from other authors, because the nematodes were 
exposed to small daily fluctuations of temperature during only a part of the period of 
development, and for the remaining time the temperature changes occurred at inter- 
vals of several weeks. 
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borne in mind (in connection with the 2 cases wliere ova were formed at 
even lov^er temperatures). However, in tlie 10 additional cultures at 
irregular temperatures Ixdow 12.5'^ which had suffieient time and root 
growth, only one nematode had reached even the odthecal stage. These 
cases with irregular temperature records are not included in the tables 
or graphs, which are based exclusively on experiments at constant tem- 
peratures. 

At still lower temperatures, maintained more or less constant, there 
were 334 cultures started at lO'^, 11° and 12'' C, not all of them reported 
in the tables. They were examined after several months in cold storage, 
although their heat-unit counts were still low. Of 320 cultures with less 
than 4,000 heat units, 90 showed more development than would have 
been expected from their low unit counts, 95 showed an average rate, 
and 135 were either very slow or else arrested before examination. Stage 
10 was reached 16 times, once with as few as 1,475 heat units above lO'^, 
or 3,400 above tlie other 15 times wdth 2,400 to 3,600 heat units above 
10''. The 14 cultures with longer growth time, which had accumulated 
from 4,000 to 5,200 units above lO'', showed no development beyond 
stage 10. 

Peairs (1927) points out that there is “an a])parent loss of vitality 
incident to the prolonged vital [)eriod” at low temperatures. This applies 
both to host i)lant and to parasite. Nematodes probably have higher nu- 
tritional reciuirements for maturity and egg formation than for the 
early stages, while the tomato seedlings failed to continue their growth 
through the time recpiired for nematode development at these low tem- 
peratures. No attem])t was made to substitute some species of plant 
wliich would make a relatively better growth at low temperatures, )>e- 
cause of tlje host differences found by Godfrey and Oliveira (1932), but 
such an ex{)erimeiit might give illuminating information. 

TABLE 4 

Gall Formation in 8oil at Low Temperatures 


Temperature, " C 

Days 

Hours 
above 13® C 

Neitiatodes 


Average 

Number 

Development 

9 0-12.2 

10 6 

14* 

0 

1 

Stage 3 

10 4-13. 3 

12,0 

43 

42 

1 

Stage 7 

10 4-13,7 

12.2 

56 

171 

2 

Stage 7 

10 4-13.7 

12 2 

50 

171 

2 

Stage 8 


* This recsord is plotted in figure 2. 
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ROOT PENETRATION AT LOW TEMPERATURES 

Root penetration requires considerable activity on the part of a larva, 
and its ocenrrence at very low temperatures wa>s not anticipated. God- 
frey (1926) considered 13^ C as the critical temperature for gall forma- 
tion in roots growing in soil. A few galls found at lower temperatures 
in my 1927 experiments in soil are re])orted in table 4. In only one case 
was the soil tem})erature below UP' during the entire time of the ex[)eri- 
ment, but the others averaged around 12'\ The first record is the only 
one in soil which shows the time required for gall formation, because the 
other exx)eriments included a period of larval development within the 
roots. Experiments on gall formation in j^etri dishes (discussed in con- 
nection with table 10) were not made below 14 


DEVELOPMENT AT HIGH TEMPERATURES 

While galls were formed and development was started at temperatures 
as high as 35.0° C, both hi soil and in Pfeff'er’s-solution cultures, eoin- 
jilete develojjment was not obtained above 31.5°. In the 22 cases of egg- 
laying betwtH ‘11 28.3° and 31.5°, a few individuals showed the same rate 
as at 27.0° (fig. 3) ; but there was no acceleration in response to the 
higher temperature, and the majority show^ed a marked retardation. 

The curve for rate of development (fig. 3) breaks sharply above 28° C, 
showing tliat this is the optimum temperature, above which develoj>- 
ment is sh)^^’er. Tlie irregularity of distribution of the records above this 
ternxierature is an indication that the limits of normal develojunent have 
been passf'd, althougli the factor of inadequate nutrition again enters at 
about 31°. Godfrey (1926) states that tomato roots show maximum gall 
formation at 30°, and that other roots vary somewhat according to the 
temperature of their optimum growth. 

In culturi^solution exxieriments at 36.5^’ C, the roots made little or no 
growtii and all tluur growing tips were killed. In 14 to 24 days, 22 nema- 
todes madt* no growth at all; 12 larvae fed and started to fatten but 
failed to reach stage 8 ; and only 1 grew farther, a male, which died be- 
fore becoming fully developed. This observation is of interest in connec- 
tion w^ith the discussion of sex ratios in the foregoing pa})er (Tyler, 
1933), but it seems less significant in the temperature study. 

After 9 to 16 days at 36.5" C, 7 cultures (table 5) were given time to 
recover at room temperature. Although the galls were dissected w^ith 
great care none of the 7 nematodes was found, and it was concluded tliat 
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* Possible development of nematodes was determined from the data of figure 2. on the basis of time, 
t Only 13 hours above 38.0°. 

X Only 10 hours above 39.0°. 
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there was no development but probably death in the larval stage. The 
roots were stunted by the high temperature, and only 2 of them made 
new growth during the period allowed for recovery at room temperature. 
In 13 other cultures (table 5) exposed for shorter periods at 36. 5"" to 
39.0°, 5 nematodes made some recovery, but only 1 female formed ova 
and these were only j)artially developed. 

The records are clear on the subject of recovery, although the nema- 
todes were not examined until the end of the experiment. Their possible 
development during the time of the initial treatment was tabulated by 
analogy with the cultures (fig. 2) which showed the greatest develop- 
ment for the given number of days, although as a matter of fact, de- 
velopment is retarded at such a high temperature. If at the end of the 
experiment a nematode showed more development than was possible dur- 
ing the initial treatment, recovery was recorded. Three of the 5 nema- 
todes showing recovery had suffered only the shortest exposures at the 
high temperature, and only 1 of the 5 had a tlieoretically possible de- 
velopment during that treatment beyond stage 8, while the nematodes 
which made no development at all were those which had suffered the 
longest exposures to the high temperature. 

The irregular results shown in table 5 are to be expected at such an 
extreme temperature. On the evidence of the 55 complete or partial 
failures in cultur(*-solution experiments, it is concluded that the maxi- 
mum temperature for the development of the root-knot nematode in 
such cultures is around 36.5° C. 

Another culture-solution experiment (table 6) showed that an ex- 
posure of 5 days at 36.5" C did not kill nematodes which were already 
in more or less advanced stages of development. Young females contin- 
ued to form viable eggs when returned to a medial temperature after 
the exposure. There was some unhealthy development after a 7-days’ 
exi)osure at 36.5". Possible development during the initial incubation at 
25.0° w’as calculated l)y analogy with other cultures at medial tempera- 
tures on the basis of heat-unit counts. 


It is barely possible that certain resistant individuals might develop 
at slightly higher temperatures in healthier roots. Indeed, in a prelimi- 
nary experiment in 1925, 2 females reached stage 12 at temperatures 
around 40” C. The host plants were growing in jars of infested soil, with 
their tops in the cooler air of the room. The thermostatic control was ac- 
curate, and the other data from this preliminary experiment ivere 
similar to those in the later experiments; but because there was no 
arrangement for circulation of the heated w^ater around the jars, none 
of the records are tabulated here. 
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The limit of survival for many animals is around 40"^ C. Other experi- 
ments with nematodes at high temperatures have used only the free- 
living stages, so that it is not certain whether the high temperature was 
directly lethal, or whether deatli was caused by exhaustion of food re- 
serves, as Baunacke (1922) suggested. Frandsen (1916) found that at 
40° development of eggs of the root-knot nematode was accelerated for 
a short time, and that some eggs hatched before the embryos were com- 
pletely developed, but that after 18 hours at this temperature all eggs 
and larvae were dead. Iloshino and Godfrey (1933) report that larvae 
of this species were killed in water at 40° in 2 hours and 15 minutes. 
Baunaeke (1922) found that larvae of the sugar-beet nematode became 
rapidly exhausted at 29® and above, but that motion continued feebly in 
some individuals up to 37.5° and even to 39° if heated very gradually. 
Although all larvae Avere quiescent at 40®, most of them were able to 
recover slowly from a short exposure at that temperature. 

The fact that the oj)timum temperature is found so far below the maxi- 
mum is probably related to the temperature conditions most often occur- 
ring in nematode-iuhal)ited soils. 

BOOT PENETBATION AT IIlGIl TEMPERATliRES 
Root-penetrating activity of larvae continued at high temperatures, 
tliough the results were somewhat irregular. Tn the 1927 experiments 
with plants growing in soil, there were 26 roots at 33.0® to 35.0° C with- 
out galls, and only 6 roots attacked, in Avhich 8 nematodes were found at 
stages 5, 6, and 7, and 17 at stages 8, 9, and 10, tliough they had all had 
time for further development. There was also a male at stage 14. One 
gall was found on a root which had been 42 hours in infested soil above 
40,5°. From the preliminary exxieriments of 1925 there are records of 4 
galls formed at 40.0®, containing nematodes at stages 8 and 9. 

Most of the galls formed in petri-dish cultures at 35® ( ■ appeared 
after 1 or 2 days of incubation (table 10). After this galls were not 
formed at tlie high temxierature, but some of the larvae survived a 5 
days’ exposure and were again capable of active root xienetration when 
the plates were removed tf) a medial temperature. Later develojiment of 
the nematodes was not affected by the conditions of this experiment. 

COMPUTATION OF RATE OF EGG-LAYING 
The rate of egg-laying was reported by Bessey (1911) as 10 to 15 or 
more eggs a day, without reference to the temperature, and by Byars 
(1914) as one egg an hour, or one in 50 minutes under the heat of a 
strong microscope light. 
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In calculating the rate of egg-laying in my experiments, two methods 
were used. The first was a trial-and-error method. The number of heat 
units required for development to the beginning of egg-laying was cal- 
culated for 301 females (fig. 3), most of which had laid more than one 
egg. It was found that an allowance of 12 heat units per egg gave the 
most consistent results. 

The second method, used to check the first, was based on a comparison 
of pairs of records. If two females cultivated at the same temperature 
developed at tlie same rate, they would reach the stage of egg-laying 

I’ABLE 7 

Variatjon in Time Keqtjirkd cor J)EVELOPMf:NT of Nematodes from Gall 
Formation to Eog-Laying in Culture-Soltjtion Experiments 


Temperature, 

“C 

Days 

Heat 

units 

Number of ^ 
cultures 

Eggs 

laid 

25 0 

20 

7,017 

1* 

2 

24 5 

19 

0,562 

n 

5 

24 5 

19 

0,740 

1 

2 

24 0 

24 

8,018 

2 

7 

24 0 

25 

8,357 

2 

ot 

24 0 

25 

8,125 

1 

8 

23 5 

21 

0,098 

2 

8 


* Culture B of table 8. 

Culture A of table 8. 

Under ideiiti(5al e-onditione, other nematodes laid from 34 to 121 
(see table 3). 

with the same number of heat units. On this assumption, if one culture 
is examined at the beginning of egg-laying and the other is allowed a 
longer period of develoiunent, the difference in number of heat units 
between the two cultures would correspond to the diff'erence between the 
two egg counts, and indicate the heat requirements for laying that num- 
ber of eggs. 

However, the rate of develojunent is not the same for all females. 
Table 3 shows the wide variation in amount of develojunent for the same 
time and temperature, and table 7 shows the range of time, measured 
in heat units, required by different nematodes at ajijiroximately the 
same temperature for tlie same amount of development. Table 3 includes 
some of the records of very slow development which were omitt(‘d from 
table 1, 

Since it would obviously be inaccurate to comjiare two females for 
rate of egg-laying uhIckSS their rates of development w^ere practically 
the same for the entire life history, it is necessary to interpret the differ- 
ences. Simple insiiection of the data in tables 1 and 2 show^s which cul- 
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tures made rapid and which slow development. Of the 10 records given 
in table 7, the culture showing the sliortest time to egg-laying is called 
A, and a somewliat slower culture, B, was selected as liaving a rate more 
representative of the group. TJie 13 ^^longer-time’^ cultures at the same 
temperature, which had from 15 to 390 eggs apiece, were compared with 
A and with B, as illustrated for 2 of them in table 8. The first of these, 
No. 4910, averaged 10.7 units per egg when compared with A, and 9.4 


TABLE 8 

Method of Cal(^t^lating the Number of Heat Units for Egg Laying 



Comparison with short- 
time culture A 

Comparison \Mth short- 
time culture li 

Eggs laid 

Heat units 

Eggs laid 

Heat units 

Longer*fn)je culture No 4910 

390 

10,b87 

390 

10,087 

Short-time culture 

5 

(i,662 

2 

7,017 

Difference 

385 

4,135 

388 

3,070 

Heat units per egg 


10 7 


9 4 

Longcr-time culture No 5798 

15 

7,178 

15 

7,178 

Short*time culture 

5 

0,6f)2 

2 

7 017 

Difference 

10 

010 

13 

101 

Heat units per egg 


01 0 


12 4 


when compared with B, indicating that the entire rate of development 
of this culture was more rapid than that of B, and even perhaps of A. 
In the second comparison shown in table 8, culture No. 5798 approached 
the rate of B, as shown by the average of 12.4 heat units per egg, as 
against 61,6 units when compared with A. The small number of eggs 
makes the difference in average number of units per egg more striking, 
but the retardation indicated by this high average probably occurred 
throughout development, and should not be referred entirely to the 
period of egg laying. 

Similar comparisons w^re made with pairs of cultures at 29"" C. In 
most cases at both temperatures, one of the comparisons gave a result 
betw^een 10 and 20 units tier egg, though there were two instances of 
development so slow that both comparisons gave absurdly high results. 
It w^as concluded from this calculation also that 12 units per egg is a 
reasonable allowance. This w^ould be 1 egg an hour at 22°, or 12 eggs a 
day at 16°. 
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RATE OF DEVELOPMENT OP EGGS 
To give information on the complete cycle, the rate of embryonic de- 
velopment was investigated. Recently de})osited egg masses from cul- 
tiire-solntion experiments were returned to the incubators and watched 
for larvae. Another and more exact method was to observe the develop- 
ment of individnal eggs in distilled Avater or saline solntions, sealed in 
hanging-drop cultures. Table 9 rex)orts both of these ex})eriments. There 
is individual variation, as in all biological material, and the data are less 

TABLE 9 

Time Reqiurei> eor Df.velocment and llATcniNa? 

OF Eggs m Vitro 


I’emperature, ° C 

Days 

Ekrb 

29 5 

9Ul 

16 

27.0 

9* 11 

22 

20.5 

12-i;i 

21 

25.5 

12-15 

14 

24.5 

15 17 

10 

Room 

19 25 

9 

17.5 ’ 

20 ' 

1 

17.0 

28 31 

17 

10.5 

31* 

7 


* Record of iidnimum time at this tcaii)erature 
{)lot ted in figure 2. 


extensive than those on otiier stages of the life cycle, but tliey give a 
consistent curve (fig. 2). Eggs hatched after 9 da 3 ^s at 27.0 (y and after 
21 days at 16.5^', counting from the 1 or 2-celled stage. 

Godfrey and Oliveira (1922) report hatcliing of eggs in 5 days, at a 
temperature around the optimum, in galls on cowpea. This is a much 
shorter time than is found in any of my records, but since these autliors 
allow 19 days before th(‘ discovery of the egg mass, the length of the 
mitire cycle, 24 days in tlieir experiment, is only one day less than my 
most rapid case. 


RATE OF ROOT PENETRATION 
The length of time required for gall formation at different tempera- 
tures is shown in table 10 and figure 2. As soon as plate cultures were 
started with one active larva beside a seedling in a petri dish (for meth- 
od see Tyler, 1938) , the plates Avere jdaced in an incubator chamber and 
examined for galls at 12-hour intervals. Galls Avere formed in plates at 
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IS** C in a minimum of 4 days. The rate increased at higher tempera- 
tures, and at 35^^ macroseoi)ic galls were found within 2J hours. That 
actual entrance into the root probably occurred sooner than this is indi- 
cated by the stained preparations of Godfrey and Oliveira (1032), 
which demonstrate larvae inside the root tips of cowpea and pineapple 

TABLE 10 

Time Requirfd for Gall Formation in Tomato 
Seedlings by Nematode Larvae in 
I'FTR i Dish Expkrimfnts* 


Temrierat ure, 
“C 


Days 

Number of 
larvae penetrating 
roots 



0 8t 1 0 

5 

35 0 


15-26 

22 


i 

3 5 


2i 8 


2 Ot-7 0 

8 

19 5 

f 

\ 

2 Ot 

3 0 6 0 

1 

12 

1() 5 

! 

3 Of 4 0 

7 

1 

5 0 -n 0 

9 

16 0 


6 0 7 0 

2 

15 5 


3 Of 

1 

15 0 

/ 

4 Of 0 0 

1 ^ 

1 

11 0 -14 0 

3 

14 5 


6 Ot 

1 1 

14 0 


9 Of 1 1 0 

2 


* There is also a record of gall formation in soil in 42 
hours or loss at 40 6" to 44 0" C and another in 14 tlays at 
9 0° to 12 2“ 

t Record of niminium time at this tenifierature 
plotted in figure 2 

6 hours after inoculation, although galls did not appear until nearly 2 
days had elapsed. Tlie diserejiancy between the time of root penetration 
and the appearance of the gall was not so great in my jdate cultures. The 
root tip liecame ojiatpie while the nematode was still only partly buried 
in its tissue, and a definite swelling appeared a few hours later. 

SUMMAEY 

The minimum time refpiired for the life cycle of the root-knot nema- 
tode from larva to larva in experinumts in tomato roots was 25 days at 
27.0° C, increasing to 87 days at 16 5°. Development from gall forma- 
tion to egg-laying required 15 days at 27.0° and 79 days at 14.3 ^ 
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The velocity curve shows acceleration of rate of development with 
rising temperatures through the medial range, and marked retardation 
of the average rate above 28.0“ C, although cases were found which 
showed practically the same rate at .‘11.5^ as at 27.0“. Below ]G.5‘' devel- 
opment was relatively more rapid than the average shown by the ve- 
locity curve. There are also considerable variations in rale of develop- 
ment for individual nematodes, possibly related to their nutrition. 

As a working guide for all stages, heat units were computed as hour- 
degrees above 10° (k Development to egg-laying required from 6,500 to 
8,000 such units. 

Hoot penetration by larvae in soil occurred at temperatures as low as 
12.0^^ (k Early development occurred as low as 9.5° in cultures, indicat- 
ing that the tlireshold of development is around 9°. After newly formed 
galls had been stored for 77 days at a temperature of 7.0 , a few of the 
nematodes were still able to develop normally at room temperature. No 
eggs were laid below 14.3°, but whether this limitation was related to 
t(‘mperature or to nutrition was not determined. The threshold tempera- 
ture for maturity and egg-laying appears to be liigher tljan for the early 
stages of the life cycle. 

Serious injury to develoj)ing individuals in cultures was found at 
36.5° C, iK)ssibly correlated with the condition of the host [)lant. Free 
larvae, liowever, were still capable of root penetration after 5 days in 
])iat(*s at 35.0 , and one gall was found in soil above 40.5“. Eggs were 
not laid above 31.5°. 

The rate of egg-laying was computed rouglily as one egg per liour at 
22.0° (k or 12 units above 10.0"’ for each egg laid. 

Eggs developed from the 1 or 2-cel]ed stage to hat(‘hing in 9 days at 
27.0° C and in 31 days at 16.5°. 

Hoot })enetration and gall formation in petri-disli cultures required 
4 days or more at 15.0° C, decreasing to 21 hours at 35.0°. 
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A COMPARISON OF AONIDIELLA AURANTil 
AND AONIDIELLA CITRINA, INCLUDING 
A STUDY OF THE INTERNAL ANATOMY 
OFTHELATTER^’^’^ 

ROBERT G. NEL4 


This investigation was undertaken for two reasons first, to determine 
the actual status of Aonidiella auranfii (Mask.) and its so-called variety, 
A. citrina (Coq.) ; and second, to learn more about the internal anatomy 
of the Diaspidinae, as certain structural features still seem to be matters 
of controversy. 

Because of their distinct differences in color and mode of attack, 
aiirantii and citrina are resi)ectively recognized as the red scale and 
yellow scale. In fact, so specific are they in these differences that their 
identity is hardly ever confused ; to workers in the field the names red 
and yellow scales mean two different insects. Prom a systematic view- 
point, however, distinction has not been so clear-cut, as no morphological 
differences could be detected upon wliich a differentiation could be 
based, ^^ith the result that citrina, instead of being given specific stand- 
ing, has been classified as a variety of aarantn. 

HISTORY AND SYNONYMY 

By referring to Pernald^s^®^ A Catalogue of the Coccklac of the World, 
and to subsequent publications on the Coccidae, one finds that Aonidi- 
ella aimntii (Mask.) has been described under many different names. 
As a result, a long list of synonyms has gradually been built up It is not 
within the scope of this paper to enter into an extended discussion of 
these synonyms. The writer will, therefore, limit himself only to those 
main genera that played the most important roles in the complicated 
systematic history of the species concerned. 

’ Iteceived for publication June 18, 1932. 

2 Paper No. 238, University of California Graduate School of Tropical Agriculture 
and Citrus Experiment Station, Riverside, California 

s Study begun and carried on for a year at the Citrus Experiment Station, River- 
side, and completed at Cornell University as a thesis presented to the Graduate 
School of Cornell University in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy, June, 1930. 

^Graduate student, 1929-30, in the Graduate School of Tropical Agriculture and 
Citrus Experiment Station, Riverside. 
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Aonidiella aurantii (Mask.) belongs to the subfamily Diasxndinae, 
which is generally regarded as probably the best known of the Coccidae. 
This species was first described by Maskelb^^^ in 1878, under the genus 
Aspidiotus, and soon after by Comstock/5> as AspidioUiS citri. The lat- 
ter author, however, upon exchanging specimens with Maskell, imme- 
diately came to the conclusion that the two were identical. In 1895, 
Berlese and Leonardi^^^ erected a new genus Aonidiella, taking aurantii 
as its type. In 1891), in the supjdement of his Chech -List of the Cocci- 
dae, Cockerelh^^ placed aurantii under Chrysomphalus, giving no ref- 
erence for this change. Since then, especially in the field of economic 
entomology, workers throughout the world have given Chrysomphalus 
preference as the genus for aurantii. However, the Italian school has 
consistently used Aonidiella. In 1921, MacGillivray,^“®^ in his classifica- 
tion of the Coccidae, also listed aurantii under Aonidiella, which he 
recognized as a valid genus. 

Specimens of Aspidiotus IVederae (Vallot) and Chrysomphalus aoni- 
dum (Linn.), being type species of respective genera, were carefully 
studied by the writer in order to obtain a better understanding of the 
generic characters in question. The original and subsequent descrip- 
tions were also taken into consideration. 

As a result of these studies, the writer feels convinced that not only 
is Aonidiella a valid genus, but that aurantii is more properly classified 
here than under either Aspidiotus or Chrysomphalus. In fact, the types 
of Aspidiotus and Chrysomphalus sliow a closer relationship to each 
other than does aurantii to aonidum. For example, in both Aspidiotus 
hederae and Chrysomphalus aonidum, eircumgenital glands are present, 
while both possess bodies generally turbinate in form ; eircumgenital 
glands, on the other hand, are wanting in Aonidiella aurantii, while its 
body is typically reniform in shape, as a result of the posterior elonga- 
tion of the lateral thoracic lobes. 

However, in order to determine the exact position of these species and 
the validity of the above-named genera, a detailed study of the Diaspine 
group should be undertaken. Time did not x)ermit such an investigation 
in conjunction with the work described in this paper, as it would take 
at least a few years to obtain the necessary types. 

The first description of Aonidiella citrina (Coq.) was made by Coquil- 
lett^®^ in 1891, w^ho was conducting some spray experiments on scale 
insects in the San Gabriel Valley, California. He referred to it as follows : 

“The orange tree experimented upon w^as infested with the yellow^ 
scale {Aspidiotus citrinus) 
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Notwithstanding its briefness and inadequacy, this description is 
recorded as the original. 

It seems, however, that Coqiiillett did describe it more fully as a 
distinct species, although this description was never published, for the 
reasons brought out in the following statement, made by Dr. L. 0. 
Howard^^®^ in 1894: 

The Yellow Scale is mentioned in some California publications as Aspidiotus 
citrinus Coq. and Mr. Craws is of the opinion that it is a distinct species and was 
imported independently from Japan in 1872 into the San Gabriel Valley. The name 
Aspidiotus citrinus Coq., was sent Professor Itiley with a MS description, but from 
his own careful study in California, and correspondence with Mr. Coquillett, Pro- 
fessor Riley concluded that the structural differences between the two forms are not 
constant and that citrinus can only be considered as a variety. 

From then onward, it continued to be classified as a variety of 
aurantii, and thus underwent the same generic changes, i.e., from 
Aspidiotus to Chrysomphalus and to Aonidiella, 

In the following pages the writer has presented the result of a detailed 
study conducted on both these insects, and has come to the conclusion 
that there are sufficient morphological as well as biological differences 
to warrant giving citrina specific standing. 


DISTKIBUTION AND ECOLOGY 

The red scale is widely knowm in practically all the subtropical and 
tropical countries of the world, having been recorded from southern 
Europe, Syria, Greece, Turkey, Italy, Spain, India, Ceylon, Mauritius, 
Australia, New Zealand, Cliina, Japan, South Africa, Rhodesia, south- 
ern and western United States, Samoa, Java, and the West Indies. The 
yellow scale is not so widely distributed, having been recorded only 
from Japan, California, and Texas. It is probable that as a result of its 
similarity to the red scale, it may have been mistaken for, and recorded 
as, the latter. 

The red scale in California, as noted by Quayle,^®®^ is chiefly a citrus 
pest, so that its distribution is governed largely by that host plant. In 
the citrus area south of the Tehachapi Mountains, this scale occurs in 
the following counties: Santa Barbara, Ventura, Orange, Los Angeles, 
Riverside, San Bernardino, and San Diego. In conjunction with the dis- 
tribution of the yellow scale the above author states : 

5 Craw, Alexander. Beneficial insects. Fourth Bien. Rept. Calif. Bd, Hort. p. 97. 
1894. 
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It is widely distributed over the citrus belt of southern California, often associated 
more or less with aurantit* In addition to its occurrence in the southern part of the 
State, it is also found on the citrus trees of the Sacramento Valley where it is the 
most important dcale occuiring on citrus trees. In the same section the typical 
avrantii is not known. In the citrus belt of the south the yellow scale occurs in 
various degrees of severity ranging fiom occasional scales scattered about on parts 
of the tree, to badly infested trees. 

From its general distribution, the yellow scale apparently shows a 
preference for the more arid and warmer interior valleys of central 
California or better withstands lower temperatures, while the red occurs 
more abundantly in the southern citrus area. In the Redlands-Eiverside 
section, the yellow scale is most abundant in those sheltered groves lying 
along the foothills. 

Perhaps the most important differences between the red and yellow 
scales are their modes of attack on the host plant. The red scale is found 
on all parts of the tree, whereas the yellow is limited almost entirely 
to the leaves and the fruit, a fact that makes the latter a less serious pest. 


LIFE-IIISTOBY OBSERVATIONS 

The data presented here were obtained from records of insects reared 
on young seedling and Valencia orange trees. The experiments were 
conducted in the lath house during the warmer months, and were trans- 
ferred to the insectary with the approach of winter. Table 1 gives the 
mean minimum and the mean maximum temperatures for the period 
during which most of the life-history studies were made. 


TABLE 1 

Temperatures During Period 
or Life History Work 


"V ear 

' 

1 

Month 

Mean 

maximum 

degrees 

Fahrenheit 

Mean 

minimum, 

degref‘8 

Fahrenheit 



[ July 

98 64 

58 80 



August 

95 09 

58 35 

1928 


September 

96 66 

51 20 



October 

82 48 

43 84 



November 

74 28 

30 83 



December 

66 16 

35 13 



f January 

63 10 

34 06 

1929 


February 

02 90 

33 52 



March 1 

70 83 

39 16 



[ April 

69 83 

43 67 
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During the course of these studies, the observations on the habits and 
the metamorphosis of both the red and the yellow scales were always 
made on a comparative basis. These observations are fully recorded 
(tables 2 and 3) and the conditions were identical for both, unless other- 
wise indicated. 


TABLE 2 

Summarized Life History of Aonidiella Aurantii 



Free-moving larvae 

Duration molt- 
ing period, 
days 

Duration of instars, 
days 

Total 
time, 
in days, 
from 

Adults secured 

Experi- 

ment 

No. 

Date 

trans- 

ferred 

(1928) 

Num- 
ber 
trans- 
ferred 1 

Num- 

ber 

settled 
in 24 
hours 

1 

First 

Second 

First 

stage 

Second 

stage 

Third 

stage* 

free- 
moving 
stage to 
start of 
repro- 
duction 

Male 

Female 

100 

8/10 

55 

24 

4 

3 

12 

9 j 

82 

60 

11 

16 

105 

8/31 

78 

54 

3 

4 

18 

9 

32 

61 

14 

30 

108 

9/1 

31 1 

28 

3 

3 

15 

7 

33 

62 

11 

12 

109 

9/4 

30 1 

24 

3 

4 

14 

8 

31 

60 

6 

13 

no 

9/5 

40 1 

40 

4 

3 

13 

8 

34 

62 

9 

21 

111 

9/6 

147 

128 

4 

4 

13 

9 

35 

63 

31 

80 

131 

9/27 

160 

151 

3 

4 

12 

10 

31 

62 

55 

77 

132 

9/29 

180 

144 

3 

4 

12 

9 

32 

1 

66 

70 

Average 




. 3.38 

3 63 

13.00 

8 63 

i 

32.50 

60 26 







* From second molt to beginning of reproduction. 


TABLE 3 

Summarized Life History of Aonidiella Oitrina 



Free- moving larvae 

Duration molt- 
ing period, 
days 

Duration of instars, 
days 

Total 
time, 1 
in days, 
from 

Adults secured 

Experi- 

ment 

No. 

i 

Date 

trans- 

ferred 

(1928) 

Num- 

ber 

trans- 

ferred 

Num- 

ber 

settled 
in 24 
hours 

First 

Second 

First 

stage 

Second 

stage 

Third 

stage* 

free- 
moving 
stage to 
start of 
repro- 
duction 

Male 

Female 

105 

8/31 

60 

54 

3 

2 

11 

8 

38 

64 

19 

14 

112 

8/14 

70 

53 

3 

4 

13 

11 

35 

66 

30 

18 

114 

8/23 

22 

17 

4 j 

3 

14 

9 

36 

66 

8 

5 

116 

8/23 

16 

11 

3 

5 

15 

8 

35 i 

66 1 

3 

3 

117 

9/1 

27 

19 

2 

4 

14 

9 

34 j 

63 

14 

3 

119 

9/6 

16 

13 

4 

5 

13 

9 

37 1 

68 1 

6 


121 

9/26 

48 

26 

3 

3 

13 

11 

36 

65 

10 

! 15 

123 

8/27 

137 

119 

3 

4 

12 

8 

34 

61 

51 

44 

Average. 




3.13 

3.76 

13.13 

9.18 

35.63 

64 88 







* From second molt to beginning of reproduction. 
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First-stage or free-moving larvae, generally known as ^‘crawlers,” 
were procured by placing heavily infested oranges or lemons in battery 
jars provided with cheesecloth tops. In order to hasten the production of 
the larvae, the jars were kept in a fairly warm place. After a few days, 
the females produced many young which were removed from time to 
time. With the aid of a field binocular microscope and a fine earners hair 
brush, the crawlers were transferred one by one to the leaves of young 
potted trees. Only those larvae that moved away from where they were 
placed, were recorded and used for further observation. This precaution 
was taken for two reasons : In many eases it was noted tliat when a larva 
was so transferred as to be accidentally placed on its back, it Avas 
unable to right itself, and died. The possibility existed that when an 
inactive larva was transferred, it was already in the process of settling 
and had probably pierced the epidermis of the fruit. Such a larva seemed 
unable to repeat the process of piercing the leaf. 

In order to facilitate observation and to prevent the larvae from 
settling all over the ti'ce, the following measures were adopted: All 
leaves on which larvae wTre to be placed were wiped off so as to remove 
dust, excessive moisture, and gum exudations. The larvae w^ere kept in 
restricted areas by the use of leaf cages. Each leaf cage consisted of an 
upper and a lower cardboard frame, both lined on the surfaces adjacent 
to that of the leaf, with black velvet. This prevented the escape of the 
larvae under the frame and guarded the leaf against chafing. The upper 
frame was covered with a celluloid ^Vindow,” and the lower one left 
open so that the transpiration of the leaf would not be disturbed. After 
transferring the larvae to the upper surface of the leaf, the latter was 
enclosed between the two cardboard frames which were held in position 
by means of paper clips. Observations could then be made through the 
celluloid window. The other method consisted of the isolation of the 
individual leaves. Prior to the transference of the larvae, the leaves were 
isolated by placing narrow bands of paraffin wax coated with tree tangle- 
foot, around their i>etioles. The few larvae which were trapped by the 
tanglefoot were counted and deducted from the total number trans- 
ferred. 

Of the above methods, the latter is preferable since direct observation 
under the microscope can be made without disturbing the settled colony. 
When the leaf cages arc used, the larvae tend to crawl between the leaf 
surface and the velvet, thus becoming completely hidden. Also, the 
leaves frequently drop off because of the weight of the cages. 

First Larval Stage . — This stage will be discussed under two sub- 
headings : the active or free-moving stage, and the fixed or settled stage. 
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The females of both the red and the yellow scales are viviparous. 
After birth the larvae remain a day or two under the protection afforded 
by the covering of the mother scale. On lifting a mature female during 
the reproductive period, a few larvae will always be found clustered 
close together in the small space around the pygidium. In this space, 
along with the larvae, tlie dry discarded amnion coverings are often 
found. 

By treating some of these larvae with a 10 per cent KOH solution and 
then staining them with acid f uchsin, their mouth parts will show inter- 
esting degrees of internal transformation. In individuals recently born, 
the two pairs of bristlelike mandibles and maxillae arc rolled up in two 
coils like the hairspring of a watch, with one on each side of the brain. 
This position of the mouth parts is also noticeable during the time that 
the larvae are still enclosed in their amnion coverings within the oviduct 
of the mother. The older larvae, which have just made their appearance 
and are still crawling about, liave uncoiled their mouth parts in the 
form of long loops, each of which is contained within an internal sac- 
like structure, known as the crumena. 

Soon after making their appearance, the young larvae crawl actively 
about and come to rest when a suitable feeding place has been selected. 
The preferred place for settling is beside tlie midrib or some otlier 
l)rominent vein of the leaf. The duration of this active crawling stage is 
variable, depending largely upon how soon a favorable feeding spot is 
located. The majority of the larvae have been noticed settling within 
the first 6 hours, but a few have been found crawling about, 24 hours 
after liberation. 

Mortality was highest during this stage. In the writer’s oi)inion the 
cause of this lies in the inability of the larvae to pierce the epidermis, 
resulting in death from starvation; the inability of the larvae to form 
a protective wax covering, thereby leaving themselves exposed to dry- 
ing; and dropping off the leaf, resulting in inability to reach the host 
plant again. 

After finding a suitable feeding place, the larva proceeds to pierce 
the epidermis with its mouth parts. The rostrum is closely pressed 
against the surface of the leaf so as to support and direct the rostralis, 
composed of the united mandibles and maxillae, into the tissues. The 
distal or free end of the rostralis gradually passes through the rostrum, 
causing the long loop in the crumena to grow smaller and smaller. The 
piercing is aided by a slowly rotating movement accompanied now and 
then by a rise and fall of the anterior portion of the body. 
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Very shortly after the insertion of the month parts, the whole dorsal 
surface of the larva becomes gradually covered with very fine, silvery 
white, wax threads. As a result of the rotating of the body, these wax 
threads coalesce and assume the form of a flattened cone or cicatrix 
which soon covers the whole body. The legs and the antennae are with- 
drawn beneath the body and the latter becomes more rounded in outline 
during the formation of the wax covering. Following this and up to the 
beginning of the first molt, the only noticeable changes are the gradual 
expansion of the insect beneath the wax covering and a compacting and 
darkening of the latter around the outside rim. During this whole period 
the insect remains unattached to its wax covering, which, when it is 
removed, is soon replaced by the secretion of a new one. Quayle^^®^ 
found that : 

“In the case of some the covering was removed and the maximum 
number of new coverings formed was four. When the covering was 
removed three or four times, the insect usually died.” 

The first instar ends with the first molt. The duration of this stage 
was found to be about tlie same for both the red and the yellow scales, 
which had an average of 13 and 13.13 days respectively (see tables 2 
and 3) . A great variation in the degree of development of the individuals 
in the different lots was noted, evidently due to the fact that in some 
cases conditions were more favorable for rapid development Tliere was 
differentiation of males and females during this stage. 

First Molt — Externally the first molt can be recognized by the outer 
rim or margin of the wax covering, which becomes clear-cut and more 
compact. If the insect is lifted during this period, it is found firmly 
attached to its covering, and the body itself is in a turgid condition. 
The ventral side of the insect, proximad to the leaf surface, is light 
brown in color and ])olished in appearance A microscopic examination 
of the internal structures during this period, or just prior to the actual 
molt, shows the developing second stage lying within the body wall of 
the first stage Again the coiled mandibles and maxillae are evident on 
each side of the mouth region There is, therefore, a short period during 
the actual molting process and just before the insertion of the new 
second stage mouth parts, when no food is taken from the plant tissue. 

The splitting of the larval skin usually starts in the region of the 
mouth and then follows along the sides. The dorsal skin is incorporated 
into the wax covering to which it adheres firmly ; the ventral skin which 
carries the mouth parts, the antennae, and the legs, is pressed down on 
the surface of the leaf beneath the molted insect. 
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The molting period, as shown in tables 2 and 3, lasts from three to 
four days, being approximately of the same duration in both the red and 
yellow scales. 

Second Stage , — After molting, the insect enters the second stage of 
its development. 

That the first molt has been completed, is indicated externally by the 
extension of the wax rim, which is secreted around the margin of the 
former covering. On lifting this covering it is found that it may be 
removed readily from the insect, and remains more or less detached 
until the beginning of the second molt. It is during this stage that the 
scale coverings of the two sexes can be differentiated externally. 

The female continues the rotating movement resulting in the addition 
of a circular rim to the covering of the first stage. This additional rim 
consists of a somewhat dull, compact, waxy secretion. Some interesting 
observations as to the secretion of this wax were made by placing a 
second-stage female, deprived of its scale covering, under a microscope 
and studying the flow of wax filaments from the abdominal pores. These 
filaments were at first excreted vertically, and upon attaining maximum 
length they fell over as a result of their own weight. They then became 
entangled in the pygidial fringe, because of the up and down movement 
of the pygidium. It appeared that the pygidial lobes and plates acted 
as the teeth of a comb, causing the tangled mass of wax filaments to be 
more closely united and formed into a ribbon which then passed out to 
form the waxy portion of the scale covering. 

The early-stage male covering is found to ])e similar to that of the 
female except that the wax is lighter colored and does 7iot seem to be of 
the same compactness and rigidity. Later, however, a decided elongation 
takes place primarily as the result of the cessation of the rotation of the 
body, and the continued secretion of the wax toward the posterior end 
of the body. 

Second Molt , — The second molt is similar to the first. During this 
period, the female again becomes firmly attached to its dorsal covering, 
while the internal organs undergo transformation in preparation for 
the third or final stage. The coiled mouth parts are again evident, while 
the outer rim of the scale covering becomes clear-cut and well defined. 
Splitting or shedding of the old skin takes place along the sides of the 
body, the dorsal surface being incorporated in and firmly attached to 
the scale covering, while the ventral surface is pressed down on the leaf 
surface as in the case of the first molt. The duration of this molt was 
found to be about the same for both scales, the red showing an average 
of 3.63 days and the yellow 3.75 days. 
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Daring both the first and the second molt, there was a certain degree 
of mortality. This is evidently a result of tlie inability of the insect to 
break loose from its previous skin or the inability to uncoil its mouth 
parts so as to pierce the host tissue again. 

Adult Stage . — Completion of the second molt brings tlie female to its 
final or adult stage. Before the production of young begins, two inter- 
esting sub})hases are to be noticed, which will be respectively called the 
prefertilizatiori and the postfertilization stages. 

Upon completion of the second molt, a further slow deposition of wax 
takes place until the external covering has attained its final dimensions. 
This stage can })e easily recognized by the following characters : 

1. Dorsal scale covering not firmly attached to the underlying female. 

2. Slow rotating movement of body resumed in depositing wax rim. 

3. New wax rim running around the margin of the older scale cover- 
ing, soft and light gra^' in color, 

4. On removing the dorsal scale covering, the exjiosed female is found 
to be pear-shaped, and in the case of citrina decidedly more yellowish in 
contrast to a urantii, which is more reddish. 

It is during tliis stage that fertilization takes place, and the longevity 
of the insect deiiends upon how long after maturity fertilization occurs. 
Soon after fertilization lias taken placii the female enters its postfertili- 
zation stage. 

Duidng this stage the fertilized eggs develop rapidly. The outstanding 
cluinges that take place here can be briefly summarized as follows : 

1. The rotation of the body ceases. 

2. There is no further secretion of wax. 

3. The body becomes firmly attached to the dorsal scale covering. 

4. The body cuticula, especially on the dorsal side, becomes thickened, 
forming a fairly hard exoskeleton which is less elastic than in any of the 
previous stages. The cuticula is visible through the lighter wax area of 
the early third-stage wax rim. Together with tlie other previously in- 
corporated molted skins, the dorsal scale covering takes on its cliaracter- 
istic color : brownish red in the case of aurantiij and yellowish green in 
the case of citrina. 

5. When fully develo}>ed the thorax extends backward in a large 
rounded lobe on each side, projecting beyond the extremity of the 
abdomen, and giving the body a reniform shape. 

6. The ventral portions of the molted skins of the previous stages are 
found closely pressed together on the surface of the leaf just below the 
adult female, and in comparison to those of the dorsal j)ortions, are 
lighter, thinner, and more parchmentlike. 
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In many eases these ventral east skins are found attaehed to the dorsal 
covering, with the result that it seems as if the female reposes within a 
haglike structure. This, however, is brought about after molting and is 
probably due to subsequent wax seeretion, whieh glues the ventral skins 
to those of the dorsal covering. If this ventral scale is treated with KOIl, 
the constituent skins fall ax)art, clearly indicating that the splitting of 
the skin during the previous molts had followed not only the general 
body margin, but often the margin of the lobes and plates as well. 

The time that elapsed between the completion of the second molt and 
the appearance of the young was somewhat different for the red and 
yellow females ; with the former this period averaged a total of 112 5 
days and with the latter a total of 35.63 days, giving a difference of 3.13 
days. 

Tieproductive Period and Nnniher of Youifig . — Under a fairly high 
and constant lemx)erature, 82^ F, there was a continuous emergence of 
young over the whole rei)roductive period, which, under those condi- 
tions, lasted 60 days for both the red and the yellow species. The experi- 
ments were not extensive enough to furnish reliable data on the total 
])()ssible number of young that might be ])roduccd, but they did show 
tliat both sx^ecies produced young at about the same rate and in the same 
mimber.^^ 

Dv ration of Total Life Vxjcle . — By comparing the respective life cy- 
cles, from free-moving larvae up to the time of reproduction, we find by 
referring to tables 2 and 3 that the cycle of the yellow runs from 61 to 
68 days, and that of the red from 60 to 63 days, giving an average of 
about 65 and 61 days respectively, or a difference of about 4 days. 

aSVx Ratios,- -Of the 521 red-vscale adults procured during the second 
half of the year there were 319 females and 202 males. Of the 249 yel- 
low adults procured during the same ])eriod there w^ere 108 females and 
141 males. One hundred red larvae and 70 yellow' larvae w'ere trans- 
ferred during the early sx)ring. Of the 65 red scales wdiich reached ma- 
turity there w ere 19 females and 46 males. Of the 48 yellow^ scales which 
reached maturity, ihe females w'ere even more decidedly in the minority, 
tiiere being 2 females and 46 males. The x>rex)onderance of males in the 
last case is unaccounted for. 

® The number of young produced by a single female varies greatly according to the 
food and temperature conditions, and to the technique employed by those engaged in 
conducting the experiments. One hundred and fifty young were produced by one fe- 
male on a lemon fruit. There seem to be more young produced on the fruit than on 
the leaves. 
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BREEDING EXPERIMENTS 

Since parthenogenesis has been reported for various members of the 
Coccidae, a series of experiments was conducted to determine whether 
or not this might be the ease with either citrina or aurantii. 

Two lots of 50 red and 50 yellow free-moving larvae were placed upon 
previously banded leaves of two young potted orange trees. Each of the^e 
trees was then isolated in a sealed, insect-proof cage, so as to prevent 
any outside males from reaching the females. As soon as sex differentia- 
tion was evident all the males were removed, leaving a total of 30 red 
females and 35 yellow females in each cage. These females were kept 
thus isolated until most of them were dead, and in no case were any 
progeny produced, showing that parthenogenesis did not take fdace. 

The active part which the male plays in fertilization was further 
broiight out in a number of instances where the act of copulation was 
observed. The following notes were made in one case : Just after emerg- 
ing from beneath its scale covering, the male moved actively around for 
some time until it eventually stopped in front of an early third-stage 
female, at which time copulation took place. The male withdrew a short 
distance, and began to wipe off its antennae with the aid of its fore legs. 
This process was kept up for about ten minutes while the movements be- 
came gradually slower and slower until all indications of life ceased. 
This observation, that is, from the time the male emerged until its 
death, lasted from 9 45 a m, to 10 :35 a.m., indicating the short life of the 
adult stage of the male. 

In a number of cavses the males took to flight immediately upon emerg- 
ence, evidently seeking to fertilize females on adjacent leaves. Plight of 
the males was sluggish, taking place in gradually increasing circles. In 
no instance did a male fertilize more than one female, although the same 
female was fertilized by two or more males. The larger proportion of 
males appeared during the night, a condition to be expected as the male 
is of an extremely soft and frail nature, and could not survive exposure 
to direct sunlight and high temperatures. 

A number of experiments w’ere conducted with the object of deter- 
mining whether or not interbreeding takes x)lace between aurantii and 
citrina. As time would not permit more extensive investigations, the 
results presented here cover only one or two life cycles. 

Because of their delicate nature and extremely short life, the males 
proved very difficult to handle and control in large numbers. Other 
methods eliminating direct handling had to be resorted to, and of these, 
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three types will be described. Insect-proof cages were used throughout 
so as to prevent any outside males from coming in contact with the 
females used in the experiments. A quarantine isolation room was used 
when it was necessary to remove any of the males or females. 

Experiment A . — Six leaves of a young potted orange tree were 
cleaned and their petioles banded with paraffin wax. Leaves 1, 3, and 5 
were each colonized with 50 active red-scale larvae, and leaves 2, 4, and 
6 with j^ellow-scale larvae. As soon as the sexes could be distinguished, 
the red males and the yellow females and the paraffin bands on the peti- 
oles were removed. In other experiments of the same type the red fe- 
males and the yellow males were removed. 3'o serve as checks, only the 
males of one type of scale were removed, leaving both the males and 
females of the other type. The results of these experiments are briefly 
indicated in table 4. 


TABLE 4 

Eesitlts of Interbreeding Exceriments 


Experiment 

Mafings 

A 1 

R9 X Vc? 

A 2 

Y<? X Ro” 

A 3 (Control) 

R9 X Yo” 


Y9 X Yo” 

A 4 (Control) 

R9 XR.f' 


Y9 X RcT 


ReB lilts 


No progeny produced 
No progeny produced 
Progeny from Y X Y only, none from 
R X Y, indicating crossing only between 
yellow females and yellow males 
Progeny from R X R only, none from 
y X R, indicating crossing only between 
red females and red males 


Experiment B . — Four small trees were alternately colonized as fol- 
lows : trees 1 and 3 with red larvae, and trees 2 and 4 with yellow larvae. 
The males in all four cases were removed as soon as this was possible. 
Oranges infested with large colonies of healthy yellow scales were placed 
in the cages containing trees 1 and 3, in such a manner that while the 
males could escape and reach the red females, the young active yellow 
larvae from the fruit were unable to reach the trees. With trees 2 and 4 
the same was repeated, using fruit infested with red scale. In no case 
were young produced, indicating that no interbreeding had taken place. 

Experiment C , — Colonization of four small trees with red and yellow 
larvae was duplicated as in Experiment B. Later when sex differentia- 
tion was possible, the following removals were made : 



m 


migardia 


[VdI 7, No. 11 


( 1 ) All red females from tree 1, leaving red males. 

(2) All yellow males from tree 2, leaving j^ellow females. 

(3) All red males from tree 3, leaving red females. 

(4) All yellow females from tree 4, leaving yellow males. 

Trees 1 and 2 were then caged together, and similarly trees 3 and 4, thus 
allowing ample opportunity for any interbreeding to take place if such 
were possible. However, as in the two former experiments, no inter- 
breeding took place. 

METAMORPHOSTS OF THE MALE 

Fimt Stafje , — The metamorphosis of the Diaspine scales is more 
anomalous than that of any other insect. During the first nymj)hal stage 
the two sexes are indistinguishable. Doth possess legs, antennae, and 
eyes, all of which are lost (luring the first molt. The female then con- 
tinues with its gradual metamorphosis while the male follows an alto- 
gether different develo]micnt, very similar to a complete metamorpho- 
sis. After its second molt, the male loses its functional month parts and 
gradually acquires a new set of legs, antennae, and wings. The legs and 
antennae are derived from histoblasts, or imaginal disks, which are simi- 
lar to those found in insects with a com])lete metamorphosis, wdiile the 
wings are developed externally, indicating a gradual development. The 
type of metamorphosis which the male undergoes is, therefore, neither 
strictly complete nor gradual. 

The external characters of ilie four diftVrent instars of the male of 
Aonidiella OMmafwhave been fully described by Qiiayle^^^’ and Berlese 
and Leonardi,^^^ and as the descriptions of thcvse authors are identical 
to those of the writer for riinrKU the following discussion will be limited 
to the develojiment of the male appendages. In no instance was the pres- 
ence of histoblasts noticed in the first-stage larvae, probably as a result 
of the expected minuteness of their formative cells during this stage. 
Matters were further complicated as there was no way of determining 
whether a male or female larva was under examination. The second 
stage of the male will, therefore, he taken as the starting point of the 
internal development of the appendages. 

Second Stage . — About tw^o days after the first molt the histoblasts of 
the antennae and the legs are noticeable (fig. 1/1). The antennal bisto- 
blasts are situated at tlie extreme anterior i)ortion of the cephalic end of 
the body, while those of the legs are found in the ventral thoracic region. 
These histoblasts first ai)pear as thickenings of the hypodermis and 
later take on the form of round pockets or buds. Each bud forms the 
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center of a so-called peripodal cavity, which, as development proceeds, 
eventually opens, while the bud itself evaginates, sending out a finger- 
like process. These processes which represent the rudimentary append- 
ages, point anteriorly in the case of the antennal and fore-leg histo- 
blasts, and posteriorly in the case of the middle and hind-leg histo- 
blasts. The wings gradually arise from buds on the lateral margins be- 
tween the dorsal and ventral surfaces of the body. 

The first pair of accessory eyes is situated posterolateral of the an- 
tennal buds and the second pair is found on the ventral cephalic surface, 
o|>posite each end of the brain. During this stage the eyes are i)resent as 
dark-violet diffused areas. Just before molting, the appendages have at- 
tained approximately one-third of their final length. At about the same 
time the thoracic muscles begin to show plainly on the dorsal surface. 

Transformation into the following or pre{>upal stage takes place rap- 
idly so that just prior to molting it is found lying within the body wall 
of the second stage and separated from it by a margin filled with liquid. 
Actual molting takes i)lace by a contraction, followed by a sudden ex- 
pansion of the new internal prepupal body, causing the euticula of the 
second stage to split at tiie cephalic end and to be pushed backward to- 
ward the abdomen wliere it can often be seen projecting from under- 
neath the scale covering. During this molt the mouth parts are lost and 
not replaced during the subsequent stages. 

Prepupal Stage . — The prepupal stage (fig. IB) is marked by the 
further development of all the appendages. The latter are clearly seen 
enclosed within a thin sheath, with the joints, indicated by cross divi- 
sions, becoming more and more apparent, Schmidt, working on the 
male of Aspidiotus nerii, was of tlie opinion that the primary object of 
this stage is to supply the necessary material at the right place, and to 
make, through molting, sufficient room for the subsequent stages. The 
body gradually takes on the shape of the final stage, and in addition, the 
histoblast which, upon evagination, will give rise to the genital organ or 
style, is clearly seen toward the tip of the last abdominal segment. At the 
end of this stage, the appendages attain approximately two-thirds of 
their final dimensions. The molting process is similar to that of the 
second stage. 

Pupal Stage . — During the earlier portion of the pupal stage (%. 1C), 
the joints of the different appendages become clear-cut; the lighter 
divisions marking the segments is not clearly seen until shortly before 
the final molt. The bristles on the legs and antennae are difficult to de- 
tect at first, but become clearer and better defined with the formation of 
the final euticula. The evaginated style and all the other appendages are 
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clearly seen enclosed within their thin, chitinous sheaths ; the wings are 
collapsed and folded within their sacs. The eyes have changed from dif- 
fused areas to definite areas which they occupy in the adult male. The 
last or final molt produces the fully developed male, which remains 
under the shelter of its scale covering for a day or so longer before 
emerging. 


EXTERNAL MORPUOTjOGY 

Because of its economic importance and wide distribution throughout 
the citrus-growing sections of the world, Aonidiella aurantii has at- 
tracted the attention of many w^orkers, and the external characters of 
the female have been described in detail more than once. With reference 
to citrina, no sex)arate description has been made, as workers generally 
have taken the latter to be structurally identical to aurantii. 

However, to acquaint the reader with the female structures upon 
which the identification of this species is based, and in order to facilitate 
a better understanding of those characters wliich, in the course of this 
study, were found to be specific and constant for citrina but not for 
aarantiij a resume will be given, embodying the original description of 
MaskelP^'^^ and also the subsequent ones of (hnnstock^'^^ and Brain. 
No constant morphological differences could be detected in the imma- 
ture stages of either of the two scales, and as these w^ere fully described 
by Quayle,^'^“' further descriptions will be omitted in this discussion. 
Additional notes on the adult male of ciirma, and its development, will 
be given under a separate heading. 

For the study of the external chitinous structures, the standard meth- 
ods described by Ferris,^^^^ and Brain^-^ w^ere employed; of 

these the 10 per cent KOH treatment and subsequent staining wdth 
either acid or basic fuchsin proved the most satisfactory. Rajiid exami- 
nations of unstained and live specimens w'ere made by mounting in 
glycerin. All measurements were made with the aid of a standard eye- 
piece micrometer. 

Adult Female of Aonidiella Aurantii. — The scale covering is nearly 
circular, slightly broader (1.9 mm) than long (177 mm), with thin, 
flat margins and the central area flatly convex, and generally appears 
shiny or polished. The reddish color is due to that of the female insect 
beneath the scale. The exuviae are regularly central, and are covered by 
a thin layer of secretion. A small prominent spot with a concentric ring 
of whitish waxlike substance is found in the center of the larval exuvia. 
The ventral exuvia consists of the lower half of the molted skins of the 
previous stages ; however, it varies greatly in texture, being of a grayish 
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white, parchmentlike character, often fused with the inner surface of 
the dorsal scale covering. 

The body is orange red. It is reniforni in shape as a result of the lat- 
eral margins of the body, which extend backward as two large rounded 
lobes, one on each side of the retracted abdomen. The body is flat be- 
neath and slightly convex above. The abdomen is terminated by a flat- 
tened chitinous region or pygidium, composed of several fused segments. 
Antennae are absent, except for two minute papillae or antennal tuber- 
cles, set well back from the mouth parts and each carrying a fine, slightly 
curved spine. The derm is membranous throughout, except for the pygi- 
dium. 

The pygidium (figs. 2C and 27)) is broadly rounded. The anus is on 
the dorsal side of the pygidium, and the genital aperture on the ventral 
side. On each side of the dorsal median line, about 17 tubular ducts are 
found ; tlieir openings are arranged more or less in three lines Circum- 
genital glands are absent. Green has directed attention to the 

possible connection between the circiimgenital glands and oviposition. 
Thus in those species which are viviparous, the glands as a rule are 
wanting, while they are present in all oviparous species, as stated by 
Jmms 

On the i)ygidial fringe there are three well developed lobes: LI, L2, 
and Lfl. LI and L2 usually are distinctly notched on both margins, the 
notch on the outer margin of L2 being more pronounced. The notch on 
the mesal margin of LI is often nearer the distal end of the lobe than 
that of the outer margin. 

The plates are found betw^een the lobes, w'liich they exceed in length. 
They are arranged as follows: 

There are two plates between the median ])air of lobes {L1-L2) These 
are deeply fringed on their distal margins only. 

There are two plates betAveen lobes LI and L2, two between L2 and 
L3, and three between L8 and the margin of the body. These are all 
fringed on their outer margins. 

The first plate laterad of the second lobe, and the three plates laterad 
of the third lobe, are each deeply bifurcated, each bifurcation being 
fringed on the outer margin. 

Adult Female of Aonidiella Citriua . — The scale covering is similar in 
structure and outline to that of the red-scale female, except that it is 
slightly flatter and smaller, having an approximate width and length of 
1.725 mm and 1.58 mm respectively, (i^r further comparative dimen- 
sions, see table 5.) The most outstanding difference, howxw^er, is the yel- 
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TABLE 5 

Comparative Measurements of Adult Eemalk Scale Coverings; Millimeters 


A onidiella aurantii 

A onidiella citrina 

Entire scale covering 

Tiongeat 
diameter of 
second-stage j 

Longest 
diameter of 
first-stage 
incorpo- 
rated skin 

Entire scale covering 

Longest 
diameter of 
second-stage 

Longest 
diameter of 
first-stage 

Width 

Length 

incorporated 

skin 

i 

Width , 

Length 

incorporated 

skin 

incortK)- 
rated skin 

2.025 

1 800 

0.810 i 

0 405 

1 800 

1 575 

0,720 

0316 

1.800 

1 710 

.720 

405 

1 575 

1 485 

.675 

.315 

1. 935 

1.820 

.810 1 

.360 

1 710 

1 575 

.675 

315 

1-890 

1 820 

.810 1 

360 

1 800 

1 575 

.675 

.360 

1 800 

1 800 

810 

.360 

1 675 1 

1 675 

.676 

,360 

1 . 935 

1 800 

.810 

.405 

1 820 

1 530 

.720 

.360 

1.935 

1.890 

.855 

.360 

1.935 

1 710 

.765 

.360 

2.025 

1 710 

.810 1 

.405 

1.665 

1 . 575 

.720 

.315 

1.890 

1 890 

.765 1 

405 

1 800 

1 710 

.720 

.360 

2 026 

2 025 

810 ; 

.405 

1 800 

1 800 

.765 

.405 

1.890 

1 800 

810 1 

.360 

1.710 

1 350 

.630 

.405 

1.710 

1 485 

.810 

.405 

1 820 

1 . 665 

.810 i 

.315 

1.890 

1 665 

.810 ! 

.405 

1 575 

1 350 

.630 i 

.360 

2.025 

1.890 

[ .810 

.405 

1.665 

1 575 

,765 

.405 

1.890 

1 . 575 

! .810 

1 1 

.315 

1 710 

1.575 

.765 

.360 

Av. 1.000 

1 777 

0 800 

0 384 

Av. 1.725 

I 681 

0 714 

0 354 


TABLE 6 

Comparative Measurements of Pygidial Lobes; 
Millimeters 


Aonidiella aurantii 

Aonidiella citrina 

L\ 

1.2 

L3 

LI 

L2 

1.3 

0.011 

0 011 

0.015 

0 015 

0 016 

0 015 

.015 

.015 

015 

019 

016 

.015 

.015 

.016 

on 

.023 

,019 

.019 

on 

.015 

.015 

.023 

,019 

.019 

.016 

Oil 

.015 

019 

.019 

,019 

.015 

015 

.016 

.019 

019 

.019 

015 

015 

Oil 

.023 

023 

023 

.015 

Oil 

.015 

.019 

016 

.015 

015 

.015 

.015 

.023 

019 

.019 

.015 

015 

016 

.019 

.019 i 

.019 

.015 

015 

Oil 

.021 

.019 

.019 

.016 

on 

.016 

.019 

.019 

.019 

.015 

015 

015 

.019 

.019 

,019 

.015 

015 

Oil 

019 

.019 

.019 

Av. 0.014 

0 014 

0 014 

0 020 

0 018 

0.018 
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low color of tJie covering*, which diiferentiates it easily from that of the 
red scale. 

The body is identical in shajie to that of the red female, but different 
in its clear, yellowish-green color. 

On the pygidial fringe (fig. 2J), lobes LI, L2, and L3 are well de- 
veloped. Laterad of the last three plates, the margin of the fourth ab- 
dominal segment forms a well-defined triangular process or lobe. The 
surface of the latter varies from serrate to smooth, as does that of the 
other lobes. This lobe A\as found to be constant for a large number of 
individuals examined, thus })erniitting mounted specimens to be differ- 
entiated. 

Considering the three main lobes, the writer’s attention was drawn to 
tiieir evident slender appearance. Measurements were taken which 
showed them to be appn^ciably longer than the corresponding ones of 
the red females. Table 6 ])resents measurements taken at random of 14 
red and 14 yellow females. Furthermore, as showui in figure 2, lobes L2 
and Lll of the yellow females are not so deeply notched as the corre- 
sponding ones of the red females. 

The structure, location, and bifurcation of the plates are similar to 
those of the red scale. The pair of plates situated between the median 
pair of lobes (fig, 2/>) ap])ear more fringed than those of the red scale. 
However, as a result of a great variation wdthin the individuals studied, 
no great importance w^as attached to this diflVrence. 

Aduli Male of Aonidiidia Aurantii and Aomdiella Citrina. — In addi- 
tion to the studies conductefl on the females of Aonididla anrantii and 
A. citrifia, special attention w^as also given to the external morphology 
of the males of both of these species. The object w^as to determine 
whether or not there were sufficient constant differences by wdiich the 
two species could be segregated. A careful examination failed to show 
any differences upon wdiich a satisfactory and absolute differentiation 
could be based. However, as a result of these studies, additional data on 
the external morphology of the male of Aonidiella citrina (fig. 3) were 
obtained which will be briefly presented in the following pages. 

The general description given by Quayle<“^> for the male of Aoni- 
diella anrantii will cover equally well that of A. citrina. Quayle states: 

The adult male has a wing expanse of 1.5 mm.; lengtli exclusive of style .6 mm.; 
style .22 mm, ; color orange yellow ; antennae ten- jointed, the first twai segments be- 
ing much shorter and thicker than the others. The comparative lengths beginning 
with the proximal one, are as follow^s: 5~4-17~20--20~20~l 8-15-1 3-17. Total length 
0.5 mm. The antennae are light colored with some yellow pigment. On all the joints 
excepting the firsi two are rather long hairs. The lateral pair of eyes are dark brown 
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and situated just latcrad of tlie antennae. The ventral pair of eyes are much larger 
and closer together and situated more posteriorly. The legs, excepting coxae which 
arc yellow, are glassy white, and the tarsi light brown. The thoracic band is of a 
light brown color. The halteres are club shaped, with the slender hook arising from 
the tip of the club. 

As the above description is rather brief, the following additional de- 
scriptions of the cephalic, thoracic, and abdominal regions are given. 
By reference to figures 3, 4, 5, and 6, the more important structural 
characters of these can be easily followed. Some of these structures are 
named according to homologous ones worked out by Berlese and Leo- 
nardi^^^ for Aspidiotus hederae. 

Figure 4 represents a semidiagranimatic aspect of the ventral side of 
the heaxl; the dorsal structures are indicated by broken lines. The head 
is more or less triangular in outline with the anterior end somewhat com- 
pressed dorso-ventrally. It is broadest across the posterior or basal end, 
Mdiich is marked by a fairly well defined suture. 

On each side of the head and well wdthin its margin, the malar ridges 
start at a point intermediate between the dorsal accessory and the ven- 
tral accessory eyes and the primary eye, and extend in a posterior direc- 
tion. These malar ridges are strongly eliitinized, slightly curved, broad- 
est througli middle, and tapering toward each end. In the immediate 
vicinity of tlie basal suture, each turns directly inward and upward and 
fuses with its corresponding mate from the opposite side on the median 
line of the head, thus giving rise to a ridge which is known as the ocular 
apophysis. The latter has a slightly broadened apex and terminates in 
the region between the two ventral accessory eyes. 

On the dorsal surface of the head, situated between the dorsal acces- 
sory eyes, tlie peculiarly shaped cephalic ridge is found. Situated at the 
base of the ocular apophysis, a fleshy tubercle, representing the rudi- 
mentary mouth parts, is found. In cross sections the esophagus termi- 
nates in this tubercle, showing no actual opening to the outside. Viewed 
veutrally, each of tlie dorsal accessory eyes is concealed by a ridge or 
scape, which extends posteriorly from the base of the first antennal seg- 
ment. The bases of the antennae are separated l)y a row of wtII defined 
and unpaired spines which are situated in a shallow furrow. 

As pointed out before, there are two ])airs of accessory eyes and one 
pair of primary eyes. The ventral accessory eyes appear as two large, 
ovoid, closely apfiroximated areas situated on each side of the median 
line in the caudal half of the ventral aspect of the head. The circular and 
dark-brown dorsal accessory eyes lie just caudad of the base of the 
antennae on the dorso-lateral line of the head. The primary eyes can be 
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seen be«t from the ventral side. They are two colorless, beadlike pro- 
jections with translucent tips, situated on the lateral surface of the head, 
opposite the cephalic half of the ventral eyes, and immediately posterior 
to the dorsal accessory eyes. It is remarkable that the primary eyes can 
best be seen from the ventral side, even though they lie just behind the 
dorsal eyes. 

The dorsal and ventral accessory eyes are similar in structure (fig. 
ID), Each eye is surrounded by a groove which is formed as the result 
of the pushing upward of the body wall into a ridge. The lens of the eye 
is a large, spherical, globular, transparent body, consisting of a homo- 
geneous substance covered by a thin layer of chitin. Between the lens 
and the visual rods is the corneal hypodermis, which occurs as a thin 
flattened layer. The iris surrounds the corneal hypodermis and consists 
of a layer of highly pigmented cells. Next to the corneal hypodermis is 
a crescent-shaped area filled with visual rods. The latter are translucent 
and slender, tapering slightly toward their distal ends, and separated 
from one another by a dark seam. The retina wliich follows is made up 
of retinal cells regularly arranged op])osite the bases of the visual rods. 
The distal ends of the retinal cells are contracted and prolonged into 
nerve fi])ers which unite to form the optic nerve. 

The primary eyes are very simple in structure and differ from the 
accessory eyas in that they do not possess the corneal hypodermis, iris 
cells, and visual rods. The lens consists of a slight thickening of the cuti- 
cula with an outer convex surface. 

The protJiorax (fig. 4) is mostly soft and fleshy, as no sclerites are de- 
veloped. In each of its lateral ventral halves there is a large and well 
developed trochanter which articulates posteriorly with the first })air of 
coxae. 

Of the three thoracic regions, the mesothorax (figs. 5 and 6) is the 
largest, showing a well developed tergum, pleuron, and vSternum. Figure 
5 represents a dorsal aspect of the mesothorax. 

The scutum occupies practically half of the entire mesothoracic area. 
Anteriorly it is bounded by a chitinous ridge which on its inner side, 
forms a loop enclosing a humplike area, called by Berlese and Leonardi^^^ 
‘^gobba del mesotorace’’ — the prominence of the mesothorax. Posteriorly 
the scutum is separated from the scutellum by the broad, dark-brown 
thoracic or interscutellar band. 

The posterior half of the mesothorax is occupied by the heart-shaped 
scutellum. The pleuron consists of circular sclerites with the wings and 
halteres arising between the tergo-pleural sutures. 
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Figure 6 represents a ventral aspect of the mesothorax. The mesoster- 
num ai)pears like a chitinous rectangular frame with an internal fork- 
like structure, the function of which is evidently to serve as a means of 
attachment for the thoracic muscles. A chitinous ridge or linear sternite 
is found on the median line of the prosternum. 

The metathorax (fig. 6), like the prothorax, is fleshy and poorly de- 
fined, especially in specimens treated with KOH. On the ventral side of 
the metathorax two long chitinous processes, called the epimera by Ber- 
lese and Leonardi,^^^ run posteriorly between the bases of the halteres 
and the tliird pair of coxae. The second pair of coxae are attached to 
similar but shorter structures from the x)leural regions. The position of 
the two pairs of spiracles in the mesothorax and the ineta thorax is also 
indicated in figure 5. 

The abdomen (fig. 3) consists of eight segments and is terminated by 
the prominent style or genital sheath, which encloses the aedeagus. 

Mouth Parts of Female . — The gross arrangement of the mouth parts 
(figs. 7B and 70) of Aonidiella aurantii and A. citrina is homologous to 
the corresponding arrangement of the generalized hornopteran, and 
does not sliow any marked differences from the Coccidae worked out by 
Mark,^'" ^ Putnam, Moulton, Berlese and Leonardi/'^ and 
Childs. The mouth parts are essentially adapted for piercing and 
sucking, the food being entirely liquid. 

In this discussion, tiie descriptions will be limited almost entirely to 
the more important parts which have a direct bearing upon the struc- 
ture and function of the mouth parts. 

The chitinous, boxlike framework (fig. 7B) is clearly visible on the 
ventral median surface of tlie female, especially in those individuals 
which have been treated with KOll and subsequently stained. Its func- 
tion in the main is twofold: First, it is very important in serving as a 
means of attacliment for tlie powerful muscles which govern the pharyn- 
geal sucking and salivary apparatus. Second, it protects and supports 
the underlying organs. 

The framework is broadly triangular in shape, as a result of four pairs 
of chitinous arches which enter into its construction. Its base is formed 
by a smaller dorsal and larger ventral portion, called respectively by 
Mark,^-'> the ‘Arcus-superior’^ and the ‘Arcus-inferior.” The portions 
which form the laterals of the triangle have been called by the same 
author, the “costae” ; the dorsal ones, costae superiores, and the ventral 
ones, costae inferiores. These structures are fused together at their ex- 
tremities, forming the rigid l)oxlike structure. At the apex which points 
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posteriorly, sufficient space is left for tlie passage of the buccal setae, 
pharynx, etc. 

There are four extremely long, slender, bristlelike setae (fig. 7/?), 
representing the two pairs of modified mandibles and maxillae. Together 
they form the rostralis, in the formation of which the maxillae play the 
more important role. The two maxillae are closely united, leaving a small 
lumen which serves as a })assage through which the liquid food from tlie 
host to the pharynx may pass; on their exterior they are protected by 
the mandibles, situated on each side. At its proximal part, each seta gives 
rise to a conical body, called the “conus’^ bj^ Mark.^*’^ Distally each yjair 
])asses through the anterior opening of a curious, highly chitinized, 
baglike apparatus, called the claviis. The clavus gradually taj)ers, form- 
ing, with its corresponding arm from the opposite side, a common apex. 
Within this apical portion, the two pairs of buccal setae come in close 
contact with one another, giving rise to the rostralis. The rostralis runs 
posteriorly, making a loop within the crumena. During the larval stage, 
the crumena is extremely veil developed, extending as far back as the 
second abdominal segment. In the case of Warajiroceus Kitao^^"'’ de- 
scribes the crumena as follows: 

A tu])ular passHgo, which extends back just below the thoracic ganglion and 
terminates hi a blind sac, embedded in the c(»nneeti\e tissue without lying free in 
the body cavity, as stated by some writers. In cross section it is dumb bell shaped, 
its wall consisting of three layers, much as in the integument. The inner layer, ex- 
clusive of its innermost part, is fairly thick and weakly chitinized. Next comes the 
middle hypodermal layer which is verv thin. The outer layer is represented by an 
inconspicuous basement membrane. 

From tlie crumena, tlie rostralis passes upward and so through the 
rostrum. Just before birth, and during the sulisequent molts, the mandi- 
bles and maxillae are found to be coiled up, a pair on each side of the 
brain. The mandibles and maxillae evidently arise from their respective 
imaginal disks; the latter lying beneath that of tlie former. The«e disks 
are of hypodermal origin, forming, during each molt, a new set of 
mouth parts. 

The rostrum (fig. 7C) is but a modified, one-segmented labium, coni- 
cal in shape and attached at its base to the ventral side of the thorax. 
The lower side of the rostrum forms, as a result of folding, a closed canal 
in w^hich the setae lie. Within the rostrum and attached to chitinous 
plates are a few muscles, undoubtedly used when the setae are forced 
into the host tissue. 

The salivary pump (fig. 1C) lies beneath the anterior part of the phar- 
ynx and close to the point of junction of the two arms of the clavus. It 
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consists of a highly chitinized, cnplike structure or cylinder, carrying an 
inverted top in the form of a ‘‘plunger.” This plunger is flexible, with a 
heavy, chitinized, Y-shaped tendon, to the base of which are attached 
some powerful retractor muscles. There is no doubt that these muscles 
cause the rapid up and down movement of the plunger. A small flaplike 
membranous ridge runs around the middle of the plunger. The function 
of this flap or ridge is valvular, cutting off, on the down stroke of the 
plunger, the flow of saliva from the glandular duct. 

The paired salivary branches unite to form a common duct, which 
enters the cylinder through the anterior part of the dorsal surface. 
Posteriorly the lateral sides of the cylinder curve inward, leaving a 
small lumen, which communicates with the general mouth cavity. The 
latter is bounded by the lingua (arcus superior) and the labrum (arcus 
inferior) , close to the extremities of which the bases of the mandibles and 
maxillae are found. 

There seems to be some doubt as to the actual function of the salivary 
pump. In the case of certain heteropterous forms, studied by Muir and 
Kershaw, its mode of operation is described as follows: 

“The plunger being retracted by the muscles, draws the saliva from 
the ducts into the syringe-barrel. On relaxation of the muscles, the 
natural elasticity of the plunger performs the return stroke, closing the 
valve and forcing the saliva past the tongue on the base of the labium.” 

Berlese and Leonardi,^^^ who studied several species of coccids, is of 
the opinion that the pump draws the saliva from the large paired 
glands, instead of only from their common duct. Childs, on the other 
hand, states that : 

The rule for most insects with comparable organs (large paired glands, ducts, 
and openings into the cylinder) is that these glands, as a result of an internal 
pressure caused by a continual secretion of the cells from within, or from muscular 
action, force the juices out. In the case of Epidiaapis piricolUy no muscles are to be 
found that could perform this function, and, from the make-up of the glands them- 
selves, they seem to the writer to be admirably adapted to operate through a pressure 
formed from within. Again, from the make up of the long, slender, four-pieced 
proboscis, it would seem to be impossible to pump saliva into the plant tisj^ues, for 
pressure from the inside would disrupt the tube. Necessarily, therefore, if there is a 
passage of fluid down this setal arrangement it w^ould have to be done with little or 
no pressure. 

As a result of a number of experiments conducted upon live specimens, 
the observations of the writer seem to agree more with those of Muir 
and Kershaw than with those of Childs. By careful manipulation, so 
as not to damage or break off their rostrali, early third-stage females 
were removed from the host tissue and placed upon slides directly under 
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the microscope. Immediately, a clear, colorless drop of saliva was formed 
at the distal end of the rostral is, indicating that saliva does pass down 
the latter organ and so into the tissues of the host. That the food juices 
])ass u}) and down separate capals witliin the rostralis was further dem* 
onstrated by placing the tip of the latter in a drop of water soluble 
stain. The stain was found to pass up the rostralis, while the continued 
flow of saliva was indicated by a clear zone within the drop of stain. 

By taking into consideration the length and chitinous nature of the 
rostralis, its position within the host tissues, and the rapidity with which 
the saliva passes down its whole length, one must come to the conclusion 
that a certain amount of pressure is derived from the highly developed 
salivary pump. Passage of the saliva from the glandular cells into the 
ducts is probably caused, as has been suggested, by an internal pressure, 
the saliva being drawn further inlo the cylinder by the upward stroke 
of the plunger. Disruption of the setal tube within the plant would 
hardly result from internal pressure, as any such tendencies would be 
sufficiently ei^ualized by the surrounding tissues. The toxic action of the 
saliva of this species upon the chlorophyl of the host leaf is clearly indi- 
cated by the appearance of a yellow streak, running from underneath 
the side of the settled insect. 

The pharynx (fig. 70, which opens into the mouth cavity, is some- 
what swollen and provided with thick, irregular, chitinous walls, which 
abruptly thin down as they come to form the walls of the true esophagus. 
To these thick walls, called “uva” by Mark,^“^^ are attached a series of 
powerful divarieator muscles passing through the labrum, with their 
other extremities attached to the arcus inferior. The function of these 
muscles is to contract and expand the pharynx, thereby causing the 
liquid food to be sucked up through the rostralis and mouth cavity and 
so into the esophagus. 


INTERNAL ANATOMY OF AONIDIELLA CITRINA 

Morphologists have neglected the Diaspine group in the ])asT, direct- 
ing their studies more particularly to the generalized or unarmored 
coecids. Berlese and Leonardi*’^ and (^hilds^-^^ are the only workers who 
have contributed outstanding papers on the internal anatomy of the 
Diaspidinae. The former worked on JjepidosaphcH viilna, and the latter 
on Epidiaspis piricola. It is hoped, therefore, that the following observa- 
tions, although not agreeing in all resi>ects with those of the above-men- 
tioned authors, will contribute something to a better understanding of 
the internal structures of this very interesting group. 
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For the investigation of the internal anatomy the usual methods of 
serial sections were employed. Sections varying from 3 /a to lO/t were 
cut and subseqaently stained on the slide. For staining, both DelafiehVs 
haematoxylin and ]\Iayer’s haeinalum were used, wdth eosin as a counter- 
stain. For sectioning material, early third-stage females were preferred 
to the adult or full-grown females, because the latter were found to tear 
considerably as a result of their liard, inseparable scales, chitinous cuti- 
eula, and the resistance offered by the fully developed ovaries. The 
large ovaries with tlieir developing embryos also tended to obscure the 
other finer anatomical structures. The majority of these difficulties 
became negligib](‘ witli early third-stage females, as their scale coverings 
could be removed with ease, thus leaving only a soft cuticula with 
which to contend. The ovaries were still in a developmental stage, and 
were thus not sufficiently tough to offer any difficulties in cutting. Direct 
dissections were also attempted, but again the fan-shaped reproductive 
organs occupying the greater part of the body cavity proved the greatest 
hindrance in making such dissections a success. The majority of the 
drawings were made with the aid of a camera lucida. 

InfpgKmertf . — The structure of the integument is similar to that of 
most insects. The whole body is covered by a cuticula which, in well 
stained sections, sliows two layers, namely, the epidermis and the dermis, 
the former being much thinner than the latter. Next beneath the cuticula 
is the hypodermis wdiich rests upon an extremely thin and hardly no- 
ticeable basement membrane. The hypodermis forms a continuous layer 
of cells which change from a columnar type in the median part of the 
body, to a fusiform type at both the anterior and posterior extremities. 

Digesiive System . — Of all sucking insects, perhaps the llomoptera 
offer the greatest variation in the form of their digestive systems, most 
of them showing an organization which greatly attracts the interest of 
the research worker. Even within the Coccidae we find the digestive 
system diverging from a more or less straight duct, as in the Disapidinae, 
to those which assume a convoluted or recurrent course as has been 
demonstrated for members in the other subfamilies such as the Le- 
eaniinae, Xylococcinae, Coccinae, etc. 

Passing anteriorly fi'om the mouth cavity, the pharynx runs into the 
thinner walled esojihagus (figs. 1C and 87?), which extends further for- 
ward until it reaches the base of the cephalic ganglion. It then curves 
sharply backward, running between the circurn esophageal commissures 
into the thorax where it joins tlie ventriculus. At the point of junction, 
the cardiac valve is found. The esophagus is narrow and of more or less 
the same width throughout. Its wall consists of a fairly thick, chitinous 
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intiina and an epithelium carrying the esophageal glands in tlie region 
where the esophagus curves toward the ventriculus. 

Berlese and Leonardi^^^ state that the ventriculus or stomach is a 
closed sac in Lepidosaphes vulva, entirely disconnected from the hind 
intestine except for two extremely thin and ductless ligaments which 
stretch from the posterior end of the stomach to the anterior end of the 
rectum. Digestion, according to them, takes place as a result of the action 
of the digestive juices rendering the food contents capable of passing 
by osmosis into the main haemocoelic cavity ; the waste substances are 
removed from the latter by means of the greatly enlarged Malpighian 
tubes, 

Childs, on the other hand, in discussing tlie relation of the stomach 
to the liind intestine in Epidiaspis piricola, gives the following inade- 
(piate description : 

‘dlowever (in referring to the findings of Berlese), the wu-iter finds 
some sections in his series that show what can hardly be denied to be 
direct (tonn ec t i on s . ” 

As no further information was available from tlie rather indistinct 
illustrations, the writer is still at a loss to explain what Childs referred 
to as “direct connections’’ ; that is, whether they occur between the hind 
intestine ])]’ 0 [)er or the Maljiighian bulb, a structure which will be 
described later. 

From the respective findings of these two autliors, it is evident, 
therefore, that they are not in agreement on a morpliological point, 
whicli is of sufficient im|)ortance to divide the I liaspine digestive system 
into two separate types, deiiending on whether or not a connection exists 
between stomach and hind intestine. It is possible that certain minor 
variations do occur in the different species studied by these authors, but 
considering the digestive system as a whole, one is inclined to believe 
that the Diaspidinae possess a constant type peculiar to this group. In 
the discussion which follow^s it will be shown tliat a direct connection 
does exist between the fore and hind intestine. 

In citrina, as a result of a constriction in the wall of the anterior part 
of the ventriculus (fig. 8i^), tiiere is found around the cardial valve, a 
small antechamber, the function of which is probably comparable either 
to that of a sucking stomach or a filter chamber. Posteriorly the stomach 
widens, taking on the characteristic baglike appearance. The digestive 
epithelium of the stomach consists of a row of irregular cells, with an 
occasional one greatly enlarged. These large cells, carrying correspond- 
ingly large nuclei, are probably the active, secreting ones, while the 
smaller ones are still in a developmental stage. These cells are al 1 poorly 
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demarcated and void of any protrusions into the general lumen of the 
stomach, giving the surface of the enteric epithelium a smooth and wavy 
appearance. This type of structure immediately suggests, in part at 
least, B^riese’s osmotic theory of digestion and assimilation. TJie outer 
ends of the epithelial cells rest upon an extremely thin basement mem- 
brane followed by the muscular layers. 

At its ventral posterior end (fig. 8C), the ventriculus is found to be 
definitely connected with a highly nucleated, ovoid body called the 
Malpighian bulb (bulbo del peduncolo dei Malpighiana) by Berlese and 
Leonardi Viewed from a basal aspect this bulblike body, or swelling 
of the small intestine, is easily recognized not only by its nucleated 
appearance, but also by its median position above the junction of the two 
Malpighian tubes. From this aspect the body also seems to be actually 
separated from the stomach, a condition which probably led Berlese to 
believe that it had no connection with the stomach. The actual connec- 
tion, however, is not readily detected because it occupies only a small 
area between the anterior-ventral surface of the Malpighian body and 
the stomach. The junction of the two well developed Malpighian tubes 
at this point also tends to obscure a clear view^ of the connection proper. 
In sections the lumen of the connection appears to be filled with a porous 
protoplasmic tissue, as a result of the proximity of the epithelium of the 
stomach and the Malpighian bulb. 

Tliat digestive activity does take place within the Malx)ighian bulb, 
is indicated by its well developed epithelial layer which consists, as in 
the stomach, of irregular, nucleated cells, the outlines of wl]ich are not 
clearly defined. A short, narrow and slightly curved duct leads from 
the posterior end of the ]\Ialpighian body, connecting the latter with the 
anterior extremity of the rectum. This duct is readily recognized by its 
profusely nucleated cells which are closely united around a well marked 
lumen. 

The rectum (fig. 8A), projecting posteriorly, is a comparatively wide 
and straight passage lying in the median portion of the body. It grad- 
ually tapers down, assuming the character of a narrow canal which 
shortly opens to the exterior through the anus situated on the dorsal 
side of the i)ygidium. On one side there is a caecum which was at first 
mistaken for a rectal fold. Kitao^^®^ mentions a similar structure in the 
case of Warajicoccus, ytructurally the rectum is very simple, presenting 
only a thin epithelium, the cellular structure of which is extremely hard 
to differentiate. 

There is only a single pair of large, cylindrical Malpighian tubes (figs. 
7 A and SC) lying in the main body cavity. From their point of fusion 
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between the stomach and the hind intestine, the tubes run laterally for 
a short distance, turn abruptly upwards and then run posteriorly, 
almost to the caudal end of the body. Their posterior ends are attached 
to the sides of the rectum, a short distance forward of the anal aperture, 
by thin filaments. Structurally the tubes consist of largre, polygonal 
cells, and have reticulated cytoplasm and distinct nuclei. These cells 
stand in conjunction with a central threadlike lumen which runs an- 
teriorly, ultimately to open into the small intestine between the stomach 
and the Malpighian bulb. 

Reproductive System . — As a result of the outward resemblance of 
the reproductive system of the female coccid to that of other insects, 
past investigators have described it as comparable to the usual insect 
type. According to Emeis,^^^ however, such a comparison, except per- 
haps in the widest s(‘nse, is hardly warranted. Until recently the origin 
of the three ovarian elements, namely the nurse cells, egg cell, and 
epithelial cells, was very obscure. Leydig,^’‘‘ one of the earliest investi- 
gators, working on Coccus hesperidum, claimed that the nurse cells, egg 
cell, and epithelial cells must have arisen from undifferentiated germ 
glands. Leuckart^^^^^ and Lubbock^^^’^ came to the conclusion tliat these 
three elements are all originally undifferentiated cells of the germ 
rudiment. Emeis*'’ failed to show whether the epithelial cells, from 
which the egg and nurse cells develop, came from the ])rimordial cells 
or from the original mesoderm. 

Shinji,^®^^ however, in his work on the morphology of the coccids, 
showed conclusively that the three ovarian elements are derived from 
the primordial germ cells. According to Shinji, the germ cells in the 
ovary give rise to a mass of oogonia by means of mitosis. After under- 
going a resting period, a few oogonia, situated along the periphery of 
the ovary, undergo a last division, giving rise to four oocytes. Shortly 
after this a protoplasmic substance is secreted toward the proximal end. 
These three secretory oocytes nourish the single oticyte located below, 
and thus become the so-called nurse cells. The subsequent history of the 
oogonium or ovariole is described as follows, by Shinji : 

The cytoplasm areas of the fast growing nurse cells soon come into contact with 
one another. Being colloidal in nature, the nutritive substances secreted by the nurse 
cells elongate in the direction of the least resistance, which is in this case toward the 
egg nucleus. . . . The nutritive substance, which is elaborated by the nurse cells, lit- 
erally pours over the egg, causing a rapid increase in its size. Epithelial cells which 
surround the nurse chamber above never multiply, but those around the egg multiply 
rapidly and help to accommodate the protoplasmic substance which pours over the 
nurse chamber above. Soon a constriction becomes evident at the junction of the two 
chambers, due partly to the ingrowth of the epithelial cells at the base of the nurse 
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ehaniber, and partly to the rapid expansion of the egg and nurse cells. The epithelial 
cells surrounding the egg chamber arc cubical or elongate ovoid in shape, and active- 
ly divide, while those surrounding the constriction are smaller and spindle-shaped. 
No mitosis was observed among tlie latter. 

The brief observation made in the course of the present investigation 
fully substantiates the findings of Sliinji, although he worked upon 
three species entirely different from Aonidiella cltrina. It is to his excel- 
lent paper that the reader is referred for further eytologieal and em- 
bryologieal in formation . 

The female reproductive system of Aonidiella, citrina (fig. 9^) is sit- 
uated in tlie body cavity, ventral to the digestive system, and postero- 
dorsal to tlie main thoracic ganglion. It consists of a pair of ovaries 
joined by their respective ovidnets to a slender well developed vagina, 
and forms a figure imieh the shape of a capital Y. Each ovary carries a 
large number of ovarioles wbicb are closely and irregularly arranged 
around the lumen of the oviduct. The ovarioles vary in shape according 
to their stage of development, in a fully developed ovariole (fig. 90) 
two regions can be recognized : the first, a proximal chamber containing 
a large egg cell with its chorion, protoplavsm, yolk, and fat cells; the 
second, a distal chamber containing only tliree nutritive cells with their 
large nuclei, and protoplasm of varying density. Since uo division takes 
place in the epithelial cells surrounding tiie nurse chamber, this layer is 
a})preciably thinner than the corresponding one around the egg cham- 
ber, where, as sliowii before, active cellular division continues. A so- 
called nutritive cord, starting from a clear protojilasmie center between 
the nutritive cells, rims through the narrow connecting neck into the 
egg cell where it si)reads in a fanlike maimer. Its function, as the name 
indicates, is for tlie conveyance of the nutritive iirotoplasmic substances, 
essential for the development of the egg. With the growth of the embryo, 
the contents of the nurse cliamber are withdrawn into the egg chamber, 
with the result that the epithelial layer of the former shrinks to a small 
mass. When fully developed, the embryo, enveloped in its amniotic cov- 
ering, passes into the lumen of the oviduct. 

The opening of the seminal receptacle is found at the junction of the 
two oviducts (figs. i)A and \)C). The seminal receptacle is a well devel- 
oped blind sae wliich, in the case of fertilized females, is filled with an 
exceedingly large number of male sperm cells. Located posteriorly of 
the junction is the vagina, which is a relatively wide canal with its open- 
ing on the ventral surface of the body, between the fifth and sixth ab- 
dominal segments. J ust forward of the opening, the wall of the vagina 
forms a slight dilatation or uterus. It is probably in the uterus that the 
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embryo loses its amniotic covering, shortly to appear as a free-moving 
nymph. Numerous unicellular glands are found around the uterus, 
while the wall of tlie vagina itself is of thick intima covered externally 
by a layer of muscles. 

The male organs (hg. lOA) vary remarkably in structure according 
to the different metamorphic stages. In this discussion only those of the 
adult male will be briefly considered. 

Occupying the dorso-lateral space of the body cavity and situated 
above the alimentary canal is a pair of large, ovoid testes. Each testicu- 
lar lumen is homogeneously filled with a mass of coiled, threadlike sper- 
matozoa. Leading from the testes are the x)aired vasa deferentia; the 
latter are short and thick, each having a lumen surrounded by a well 
developed epithelium. The vasa deferentia unite with a long and slender 
ejaculatory duct which, after a few convolutions, opens posteriorly into 
the style. The ejaciilatory duct is provided with a chitinous-walled lu- 
men surrounded by a stratum of epithelifd cells, which is followed by a 
coat of muscular tissue. No vesicula serninalis or accessory glands were 
found to be present. 

Central Nervous System . — The central nervous system (fig. n/>) is 
comparatively well developed for such an inactive insect as Aorjidiella 
citrina. It consists mainly of a cephalic ganglion and a thoracic gang- 
lion or thoracico-abdominal center. The latter is the result of an ad- 
vanced degree of centralization and fusion of the thoracic and the 
abdominal ganglia, with the further incor|)oration of tlie subessopha- 
geal ganglion. No ganglia or nerves representing a sympathetic system 
were found. 

The cephalic ganglion (figs. IIB and IIC) or brain, situated forward 
of the mouth region, consists of a bilobed body sending out, from its 
anterior end, two pairs of nerves : the inner ]mir representing the ocular 
nerves, and the outer and shorter pair, the antennal nerves. Of the three 
cerebral regions, the tritoeerebrum, projecting downward, is the onh^ 
one that is clearly distinguished ; the other regions, as a result of the loss 
of eyes and antennae, are rudimentary and difficult to differentiate. 
From the supero-])osterior part of each brain half arises an esophageal 
nerve commissure which extends backward, passing on the outside of 
the esophagus, and continues posteriorly, connecting with the thoracic 
ganglion (figs. lOD and IIC). 

The thoracic ganglion (fig. 11 yi ) is a xmominent, compressed body, sit- 
uated in the median i3ortion of the body. It consists, as said before, of 
five pairs of ganglia fused together, representiTig the subesophageal 
ganglion, the three thoracic ganglia, and the abdominal ganglion. The 
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component thoracic and abdominal ganglia each give off lateral nerves 
which further divide into smaller nerves supplying the body organs. 

Surrounding the medullary “Punkt aubstanz’^ (fig. lOD) of the ce- 
phalic and thoracic ganglia, there is a well developed cortical layer 
made up of numerous ganglionic cells. Each ganglinoic cell contains a 
well defined nucleus which, exclusive of the periphery, takes up the 
haematoxylin stain very rapidly. The ganglia, as well as the nerves, are 
further enveloped in a thin, transparent membrane or epineurium. 

In regard to visible response to external stimuli, a similar condition as 
noticed by Childs^^^ in Epidiofipis, also held true here : 

The only movement that could be noticed was that of the drawing in or telescop- 
ing of the posterior region when touched with a needle. This shortening takes place 
through the contraction of the segments. No other movements of the body were ob- 
served in response to other stimulants, such as light, heat, and water. 

Respiratory Systefiir—Aonidiella citrina possesses a respiratory sys- 
tem more or less characteristic of the entire Diaspine group. The whole 
system was studied with ease by examining early third-stage females 
under the microscope. Specimens, unattached to their scale coverings, 
were mounted opposite a small, solid-black area on a microscopic slide, 
either in water or glycerin. By this method the silvery-white trachea 
stood out against the black background. The general arrangement of the 
tracheal system is shown in figure 11 J?. Only the outstanding trunks and 
branches are indicated, as the minor branches with their ramifications 
among the internal organs, form a very complex system, and it would 
serve no useful purpose to try to represent them here. 

The respiratory system (figs. lOB and IOC) consists of two pairs of 
stigmatic openings or spiracles, placed equidistantly on the ventral sur- 
face of the bodj^, well within the margin. The anterior pair of spiracles 
is called the mesothoracic spiracles, and the posterior pair the metatlio- 
racic spiracles. The supplementary dorsal abdominal spiracles (men- 
tioned by Newfetead^-^^ as being present in Stigmaeoccus and Perisso- 
pnevmon of the Monophlebinae, and by Oguma^^®^ in Xylococcus of 
the Xylococcinae) do not occur in the Diaspinae. The tracheae are num- 
bered and named, according to the original areas they cover, and to their 
corresponding homologies in the free-moving nymphs. 

Each mesothoracic spiracle forms the opening of a short, wide trunk 
which immediately branches internally, giving rise to branches a, 15, h, 
2, and c. 

Branch a divides, giving rise to the ocular {15) and foreleg {17) tra- 
cheae. 
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Branch 15 covers the antennal area and becomes forked toward its 
extremity. 

Branch b divides, forming the anterior (18) and the posterior (19) 
tracheae of the mouth region, and also the dorsal anterior trachea (6). 

Branch 2 traverses the middle of the body and joins its fellow from 
the other side, thus forming the mesothoracic transverse tracheal trunk. 
Before this fusion is made, the longitudinal thoracic tracheal trunk (5) , 
the original middle leg trachea (li), and the ventral thoracic trachea 
{l)y are given off. About halfway down trunk 5, the median lateral tra- 
chea (14) branches off. 

Branch c divides, giving rise to the ])osterior ( 12) and the anterior 
lateral tracheae (IS). 

Each of the metatlioracic spiracles also leads into a short trunk whicli 
immediately divides into seven branches. These are : 

Branch 5h passes anteriorly and unites with branch 5a of the meso- 
thoracic spiracle, thus forming the longitudinal thoracic tracheal trunk. 

Branch 10 is the original wing trachea. 

Branch 9 is tlie original liind leg trachea. 

Branches 8, J, and 7 form the posterior abdominal tracheae. 

Branch 4 (as with branch 2 in the mesothorax) unites witli its mate 
from the other metatlioracic siiiracle, thus forming the metatlioracic 
transverse tracheal trunk. 

The aiierture of the spiracle itself is surrounded by a chitinous rim 
(fig. IOC) which is continuous ventrally wdth what is known as the 
muscle plate. The opening leads into a chamber called the collar cham- 
ber, which extends on each side, forming tw^o small lobes. At the base of 
the chamber, ridgelike processes w^ere noticed projecting into the lumen. 
These projections, together with muscles running to the muscle plate, 
probably constitute a closing apparatus, similar to that whicli was 
shown by Savage^^'^^ to be very w'cll developed in MonophlebuH (Mono- 
lihlebinae). Although longitudinal and cross sections of the tracheal 
trunks were examined, in no instance was the presence of taenidial rings 
detected. 

Dorsal Vessel. — List,^^®^ w^orking on the internal anatomy of Orthezia 
cataphracta, is perhaps the only w^orker who has definitely described a 
dorsal vessel for a member of the Coccidae. lie whites : 

Bei Herauspraparation des Darmes und der Malpighi^sclien Gefasze gelang es 
mir, einen aus zarten Wandeii bestehenden Schlauch, der an der auzoren Monibranon 
del* MalpighPschen Gefasze haftete, zu beobacten. Er lag auf der dorsalen Seite der- 
selben, hatte eine bodeutende Lange und musste, so viel icli aus derselbcn schatzen 
konnte, bis in der vorderen Theil des Thorax reichen. 
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The pre^^enee of such a complete organ of circulation in the Coccidae 
has subsequently been doubted by Oguma^^'’^ and other investigators, 
with the result that at present the ('occidae ar(» (|uoted as not i)OHsessing 
an organ com])arable to tlie dorsal vessel in otlier insects. Blood circula- 
tion in this group is described as taking place by tlie contraction and 
expansion of certain body cavities, especially the pericardial sinus. 

After a thorough study was made of all the internal organs, the writer 
became fully convinced that Aonidiella citrina does possess a dorsal 
vessel (fig. 12/1). A highly nucleated duct is found running from the 
caudal extremity of the body, through the thorax, and into the head 
where it terminates in the region of the cephalic ganglion. It follows 
throughout the median dorsal line just beneath the integument. Longi- 
tudinal and cross sections through the stomach show the dorsal vessel to 
be in close association with the outer wall of the latter. Posterior to this 
portion it widens api)reciably to form the lieart, after which it ta])ers 
down to a fine tube toward both the abdominal and cej)halic regions. 

Because of the delicate nature and small size of tlie dorsal vessel, not 
much could be learned about the details of its structure, or of the 
absence or presence of ostia and aortic valves. However, its walls are 
decidedly cellular, the cells showing a large nniiiber of nuclei regularly 
arranged around a fairly distinct lumen whieli is further surrounded 
by a more or less granular protoplasm. The cells are covered externally 
by a muscular layer, the fibers of which are extremely liard to detect. 

Additional evidence as to the presence of a dorsal vessel was brought 
out by the direct examination of Jive specimens under the microscope. 
Studied from a dorsal aspect, a steady and regular i)u]sation was no- 
ticed dorsad of the stomach and at the same position that the dorsal 
vessel was located in the stained sections. 

(Uavch . — The glands of Aonidiella citrina are of four ty])es : salivary, 
wax, pygidial, and esophageal. 

The mlivary glands (fig. ]2/?) are paired, tubular, lobelike structures 
situated on each side of the fore intestine, and occu])ying practically the 
whole of the lateral ])arts of the mesothorax. Each gland consists of 
numerous glandular cells arranged radially around branched ducts 
running from the lohelike structures. The cells or acini are surrounded 
by a thick layer of granular cytoplasm in which are imbedded numerous 
large nuclei. The branched ducts open into a common median duct 
which pursues an inward and forward course. When in close proximity 
to the mouth region, this median duct turns inward, uniting with an- 
other from the o])posite corresponding gland, to form a common outlet, 
opening into the side of the pumping ai)paratus. Throughout its whole 
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length, the duct exhibits a narrow but distinct lumen which is lined with 
a thick, chitinous intima. 

Because of their variation in form, size, and location, the tvax glands 
(fig. 12Z>) play an important part in the classification of the ("occidae. 
In the generalized or unarmored coccids, like Lrcanium, Xylococciis, or 
Orihezidy the oiienings of these glands are scattered over the whole 
cuticula of the body. In the siiecialized or armored coccids, tlie openings 
are situated in more definite groups toward the ])oslerior end. They may 
be limited to the lateral halves of the pygidium, where their ojienings 
are more or less arranged in three marginal lines on the dorsum (figs. 
2.1 and 2C), as in Aoindiella ciirina, or an additional group may be 
found around the genital opening, the latter being known as the circum- 
genital glands. 

Figure 1 21) shows the structure of one of these wax glands. Each open- 
ing forms the outlet to an extremely long and slender invaginated tube, 
known as the ceratuba. At its anterior extremity, each ceratuba is con- 
nected to a highly chitinized, perforated, knoblike structure, which 
forms a reservoir for the reception of the substances secreted by the 
central wax gland and the two lateral or accessory glands. The central 
wax gland consists of an anterior ajiical, and a ])osterior cylindrical 
region, the two being connected by a relatively short stem or neck. Both 
these regions stand in conjunction with a narrow duct, which, running 
])Osterior]y, opens into the chitinous reservoir. The apical region is 
tyjiically glandular in structure, containing a large nucleus; the ])Os- 
terior cylindrical region, in addition to being glandular, possesses a 
layer of cells arranged around the common duct, similar to those found 
in the salivary glands. The ])aired, unicellular accessory glands which 
open into the chitinous chamber, on each side of the wax gland opening, 
differ somewhat from the latter, both in shape and structure. They are 
more ovoidal and each contains a smaller, though clearly visible, nucleus 
toward the distal end. Their jirotoplasmic masses, moreover, are more 
homogeneous throughout, hardly showing any vacuoles or glandular 
intrusions. The outstanding difference, howev(‘r, is their jieculiar 
lumens which, as a result of five or six projecting processes, take on a 
branehlike appearance. Each lumen tajiers [msteriorly to form a short, 
excretory duct which opens into the reservoir. 

According to Berlese and Leonardi,^^^ the accessory glands secrete a 
varnishlike substance, which forms a ])rotective layer around tlu' wax 
thread as the latter is produced by the central wax gland. This theory 
is quite plausible, as the hard texture and the polished ajijiearance of 
the female scale covering is probably due to this varnish. 
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The pygidial glands (fig. 12C), so called because of their similarity 
to those of other insects, are paired organs situated posteriorly on each 
side of the hind intestine. Their respective duets unite to open shortly 
in close association with the anus. Each gland is composed of many 
multicellular lobelike bodies surrounding a poorly defined internal duct. 
The function of the pygidial glands is not known, but it is very probable 
that they are also for wax production. 

The esophageal glands, as i^ointed out in connection with the struc- 
ture of the esophagus, are present as small, glandular cells imbedded in 
the epithelium of the latter. 


SUMMARY 

The yellow scale, Aomdiella citrina (Coq.), is here recognized as a 
distinct species and not as a variety of the red scale, Aonidiella aurantii 
(Mask,). This segregation is made as a result of evidence based upon a 
comparative study of their ecology, biology, and morphology. 

Although not well defined in their distribution, the yellow scale seems 
to prefer the warmer valleys and foothills of the interior, while the red 
is more abundant closer to the coast. 

The red scale attacks all parts of the host tree, whereas the yellow is 
limited almost entirely to the leaves and fruit. 

Reared under similar conditions, the yellow scale completes its life 
cycle in about 65 days and the red scale in about 60 days, giving an 
approximate difference of 5 days. 

Structural differences are noticed in the pygidial fringes of the two 
scales. Apart from possessing slenderer lobes and minor variations in 
the median plates, the pygidium of the yellow scale shows the presence 
of a fourth lobelike process. Differences in color and texture of the scale 
covering are also noticed. 

In addition to a comparative study of the two species a study was 
made of the anatomy of Aonidiella citrina, which is summarized 
herewith. 

The digestive system is relatively short and straight, with the eso- 
phagus and ventriculus showing the highest degree of development. In 
opposition to Berlese’s finding, a definite connection is found between 
the ventriculus and the small intestine. The gastric epithelium consists 
of large cells which do not project into the lumen of the ventriculus. 

The female reproductive system consists of two well developed ovaries 
connected to each other in the usual Y-shaped manner. Each ovary 
carries numerous ovarioles in different stages of development. A fairly 
large seminal receptacle occurs at the point of fusion of the two ovaries. 
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Tlie male organs are of the usual type, namely, a pair of testes opening 
into a long style or penis. 

The central nervous system is well defined and consists of two main 
regions, namely, the cephalic and the thoracic ganglia, the latter having 
been formed as a result of the fusion of the component subesophageal, 
the thoracic, and the abdominal ganglia. Antennal, ocular, and lateral 
nerves are found. 

The respiratory system is composed of well developed traelieae wdiieh 
ramify through the whole body. Two spiracles are found on the median- 
ventral surface of the bod 3 ^ tracheal branches are classified accord- 
ing to their position. 

A profusely nucleated dorsal vessel, consisting of a heart and aorta, 
runs practically the length of the body just below the dorsal surface. 
A definite pulsation is noticed. 

Salivary, wax, pygidial, and esophageal glands are discussed. 
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ABBREVIATIONS USED IN THE FIGURES 

♦ 


abd.g. 

abdominal ganglion 

f.ep. 

follicular epithelium 

p.eye 

primary eye 

AC.fl. 

accessory gland 

f.leg 

fore leg 

pha. 

pharynx 

a.ch. 

antechamber 



pin. 

plunger 

ant. 

antenna 

gen.hist. 

genital histoblast 

p.th. 

prothorax 

ant.hist. 

antennal histoblast 

ger c. 

germ cells 

pu.B. 

Punkt substans 

ant.n. 

antennal nerve 

gl c. 

gland cells 

pyg.gid.. 

pygidial gland 

ar.ial. 

arcus inferior 

gl.du. 

glandular duct 



ar.iup. 

arcus superior 

gl.o. 

gland opening 





Jr* 

groove 

r. 

retina 





rect. 

rectum 

b.sut. 

basal suture 

ha. 

haltere 

ret .mscls. retractro muscles 

btt.lr. 

buccal frame 

h.leg 

hiTid leg 

ros. 

rostrum 

bu.mscls. 

buccal muscles 

ht. 

heart 

rstls. 

rostralis 



hyp. 

hypodermis 



cae. 

caecum 





ca.T 

cardial valve 

i. . 

iris 

sal.gld. 

salivary gland 

c.ch. 

collar chamber 

int.sc. 

interscutellar band 

sc. 

scape 

ceph.g. 

cephalic ganglion 



scl. 

scutellum 

ceph.r. 

cephalic ridge 

1. 

lens 

scu 

scutum 

cet. 

ceratuba 

L. 

lobe 

ap. 

spermatosoa 

c.gl. 

central gland 

l.hist. 

leg histoblast 

spi. 

spiracle 

ch.l. 

chitinous layer 

In. 

lateral nerve 

s.rec. 

seminal receptacle 

ch r. 

chitinous ridge 

1 St. 

Imear sternite 

St. 

stem or neck 

c.hyp. 

comeal hypodermis 

lu. 

lumen 

sty. 

style or penis 

da. 

clavus 



subes.g 

subesophageal gang- 

cne 

connecting neck 

mal t. 

Malpighian tube 


Uon 

oo.inf. 

costa inferior 

ma r. 

malar ridge 

te. 

testis 

co.l. 

cortical layer 

mal.b 

Malpighian body (bulb) 

th g. 

thoracic ganglion 

con. 

connection 

m cav. 

mouth cavity 

Tp 

triangular lobelike 

co.sup. 

costa superior 

m.du. 

median duct 


process 

c.pls. 

chitinous plates 

mes.p. 

mesothoracic promi- 

tra. 

trachea 

cru. 

crumena 


nence 

tri c. 

tritocerebrum 

cs. 

conus 

mes.sp 

mesothoracic spiracle 

tro. 

trochanter 

cyl. 

cylinder 

met Bp. 

metathoradc spiracle 



cyt. 

granular cytoplasm 

m.leg 

middle leg 





m pi 

muscle plate 

u.gl. 

unicellular glands 



mscls. 

muscles 

ut. 

uterus 

a.ac.eye aorsai accessory eye 
div mscls. divaricator muscles 

m.st. 

mesosternum 

uv. 

uva 

dor.v. 

dorsal vessel 

m th. 

metathorax 





m.tub. 

mouth tubercle 



du. 

duct 



v.ac.eye 

ventral accessory eye 



n.cl. 

nurse cell 

vag 

vagina 

e.cl. 

egg cell 

nu 

nucleus 

V def. 

vasa deferentia 

e.du. 

ejaculatory duct 

nu.c. 

nutritive cord 

ventr. 

ventrlculus 

ep. 

epimera 



vi.r. 

visual rods 

epi. 

epineurium 

oc ap. 

ocular apophysis 



es. 

esophagus 

oc n. 

ocular nerve 



es.com. 

esophageal com- 

0 du 

oviduct 

wg. 

wing 


missures 

op n. 

optic nerve 

v.hist. 

wing histoblast 

es.gl. 

esophageal gl 
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Fif? 8 Adult ni.Hle of Aonuhdla citrina (x47) 
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THE BIOLOG Y OF THE BEAN THRIPS^ 

STANLEY F. BAILEY-’ 

Despite the great amount of research being done in the various orders, 
a study of the biology of the insects belonging to the order Thysanoptera 
still offers a fertile field. The life histories of many of these minute in- 
sects are still unknowui ; also a comparison of their various habits and 
activities presents extremely interesting material for speculation, em- 
jihasizing the need for detailed work of an exhaustive nature before the 
])hylogeny of the group can be clarified. Doubtless the small size and 
elusive habit of the thrips, in addition to difficulties encountered in rear- 
ing and handling them, have been obstacles to the study of this group. 

The bean tlirijis has become, in recent years, an increasingly impor- 
tant ))est of several commercial cro])s, particularly in the dry interior 
valleys and nonirrigated sections of (California. The problem presents 
several very interesting phases of an ecological nature and it is the two- 
fold ])urpose of this paper to make the relationshi])s of the grou]) more 
])erspicuous and, wliile not treating directly of control measures, to 
pr(?sent information upon which a basis for future control might be 
established. 


SYNONYMY AND DESCRIPTION 

i^ynoyiymy . — Fortunately, perhaps, in contrast with many important 
insect pests, the history of the bean thrips is not very long nor the 
synonymy higldy involved. 

The first record of this thrips seems to be in 1895 when it was reported 
as collected in Yuba County, California, in November, 1894. Mr. C. W. 
Harney collected two specimens at this time on an orange leaf. It was on 
one of these specimens that Theodor Pergande/s original description 
(Pergande, 1895) was based. 


1 Beceived for publication July 13, 1932. 

2 Junior Entomologist in the Experiment Station. 
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No farther record of the bean thrips is found until 1902 when Hinds 
redescril)ed this species from the female specimen deposited in the 
Division of EntomoloiL»y in Washington, D. 0., by Mr. Harney in 1894. 
The male was not known and no knowledge of the life history was to be 
had at this tim(‘. Hinds (]9()2) changed the s])ecific name from fasciata 
of Pergaride to fasciatusy as he stated : 

“Thrii)s is a Latin name derived from the Greek, meaning a wood- 
louse, and is in the singular number and masculine gender, as will be 
also all generic rianH\s of whicli it forms the termination.^^ 

Miss 8. M. Danit4 (1904) recorded five new species of Thysanoptera 
from Califoi-nia, in addition to FranldinieUa oc(n(l(mt(jlis (Perg.), F. 
iritivi (Pitch), Thrips iahaci Lind., and Ilelurlhrips fasciafus Perg., 
which had already becm reported from this static Among the new species 
was Caliothrips woodivorthi whicii was fully described. However, 
Calioihrips ivoodworihi was made synonymous with i/c//h//7ir?‘/>.s fascia- 
tus Perg. by Moulton ( 1 907 ) . 

A brief description of tlie bean thrips was given by D. L. Crawford 
(1909) in tlie Foinona Jaurmd of F nfoniologip 

0. Fj. Bremnier, in 1910, listed the liean thrips und(u* an incori'ect 
genus as Euthrips fascidius. 

A new genus, Jlvrvothrips, was erected by J. 1). Hood (1927) wlio 
made Jleliothrips sfria/ns Hood the g(motyi>e. Hixteen species in all were 
removed from tin* JI (li of hr ip s and ])laced in tlie n(*w genus Ilerco- 

thrips. Ileliothrips fasciafiis Ih'rgande was among those removed and so 
it is now synonymous witli II ercothrips fas(d(jt}ts (Perg.). 

Description of the lU un Thrips. — Tiie order T h ijsanopiern is divided 
into two suboi’ders, the Terebrantia and tlie Ihihulifera ; tlie former has 
a sawlike ovijiositor, wliiie in the latter the terminal abdominal segment 
is tubelike with no ovipositor. IJcrroth rips fasciatiis (Perg.) belongs to 
the suborder Terebrantia and the family Thripidae on tlie basis of such 
characters as down-turned ovipositor, (S-segmented antennae, and coni- 
cal formation of the last abdominal segment of the female. And, further, 
following the classification of d. K. Watson (1922), IF fasciatus wan 
placed in the genus Ileliothrips since the wings are fully developed, 
the fore wings being without knoblike bristles, and the second segment 
of the antennal style being much longer than the first. However, Hood 
(1927) placed fasciaius in the genus Hercothrips on the basis of the 
costal fringe of bristles on the wings, tlie forked trichomes of the an- 
tennal segments, and tlie closely approximated hind coxae. 
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B, lunvly cniergi^i larva; C, mature l.arvn; 
1), prejmpa ; E, ]>iipa. 


Egg. — V(‘ry delicate with thin chorion, beaTi-s]ia]>ed (dg. 1, yl ), translucent white 
in color, and smooth; average width or diamet(‘r, 0.112 mm; average length, 0.225 
mm. With the development of the embryo the egg swells and often tin' outlines of 
the larva may l)e seen, especially the eye spots, 

Newly Emerged ivurva.-- General shai)e somewhat fusiform; color, translucent 
white ; h(?ad, antennae, and legs very large in proportion to body (lig. 1, B) ; average 
total length, 0.287 mm. Antenna 8-segmented witli long style, approximatt' length, 
0.1(51 mm; third segment very large with rather distinct rings. Eyes blackisli red; 
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ocelli wanting. Setae present, sparse on legs, antennae, and sides of abdomen; 
longest on posterior abdominal segment. Abdomen tapering, tenth segment very large 
in proportion and usually upturned. 

Mature or Second-Stage Larva . — Shape fusiform ; reddish yellow in color with 
variable crimson blotches and bands along sides of thorax and abdomen (fig. 1, C) ; 
antennae, legs, and posterior abdominal segment, pale yellow. Setae sparsely scat- 
tered on legs, antennae, and margins of thorax and abdomen, becoming larger at 
sides and on tenth abdominal segment. Average total length, 0.960 mm. Antennae 
8-segmonted and about 0.256 mm in length. Eyes small, reddish orange; ocelli 
wanting. Abdomen fusiform, crimson bands usually extending across segments 
seven, eight, and nine, but considerable variation present in individuals; posterior 
segment tubular, usually curving upwards. 

Prepupa . — Shape similar to that of mature larva; color, orange with variable 
crimson markings at thorax and abdomen, bands of crimson usually extending 
across seventh and eighth abdominal segments; legs and antennae, translucent 
white ; setae occur sparsely on ant»ennae, legs, and at sides of thorax and abdomen, 
tenth abdominal segment having ring of setae on posterior margin. Average total 
length, 1.008 mm. Eyes dark orange with a few facets visible; ocelli wanting. An- 
tenna S-segmented, length ai)proximately 0.175 mm; segments difficult to dis- 
tinguish and with much less shape than in larva, Wing pads very short (fig. 1, I>), 
translucent white, with a few 8catt(u-ed setae, fore wing i)ad extending to first ab- 
dominal segment, hind wing pad extemding to second abdominal segment. Abdomen 
fusiform. Sexes extremely difficult to distinguish, females usually somewhat larger 
and more plump. 

Pupa . — The pupal stage might well be divided into the early and late stages. In 
the early stag<' the general color is orange and the red markings on the sides of the 
abdomen are smaller and less distinct. The eptire l>ody appears much shorter and 
stouter than the prepupa. Average total length, 0.864 mm ; antennae rather shape- 
less and folded back over head (fig. 1, 7^), usually bending between first and second 
sejgments; segments indistinct and second segment with four long setae projecting 
forward; length of antennae about 0.162 mm. Eyes much larger and darker red in 
color than in prepupa; three orange-colored ocelli are plainly vi8il)le between eyes 
in a triangle. Wing pads, like antennae and legs, translucent white: wing ])ad8 have 
scattered setae; ]) resent on surface and extemd to sixth or seventh abdominal Hegment. 
Abdomen fusiform in shap<; with irregularly distributed crimson markings at sides. 
Setae present along sides of thorax and al>domen, ninth and tenth abdominal seg- 
ments having long setae on posterior margins. Ovipositor rather clearly demarkt‘d 
in female so that sexes can be readily distinguished. 

In the late pupal stage the antennae come forward slowly, straighten out, and 
begin to darken up noticeably. The abdomen also begins to exhibit considerable 
pigmentation, particularly along tlu; sides, nearly blotting out the red markings. 
The wings within their cases next darken and the cross-bands can be distinctly seen. 
Next in order the legs darken slightly, followed by the head and thorax and the 
reticulation can be scum on the surface of the body. Molting and the emergence of 
the adult occurs at about this point. 

Adult Female . — (General shape fusiform; average total length, 1.136 mm; uniform 
dark brown in color; reticulation faint on head, prothorax, and at sides of meta- 
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thorax and abdomen. Head extends forward between antennae in a U shaped process 
to about half the length of first antennal segment. Eyes small, l)lack, with facets 
distinct; ocelli three, in a slightly elevated area between eyes, pale ycdlowish mar- 
gined with dark orange. Antennae about 0.205 mm in length, 8-segmented; first and 
second segments uniform brown, third and fourth with middle tlurd brown and 
remainder of segments pale yellow; anterior half of fifth segment brown and re- 
mainder of segments uniform brown. 

Both pairs of wings appear to be joined to the mesothorax (fig. 2, J3), but the 
muscular attachments of the hind jmir are in the metathorax. Average length of fore 
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wing, 0.784 mm; average length of hind wing, 0.740 mm; fore wing with one 
branclHjd vein in the center of wing dividing at inner edge of dark band. Ajiterior 
branch Ixjcomes contiguous with costal vein and posterior branch continues distinct 
to center of white area near tip. Costal spines usually 20 ; number of spines on 
posterior fork of inidvein variable, 5 to 7 ; number of hairs in fringe on hind margin 
of wing variable, usually 30. Fore wing grayish brown, darkest along veins; dark 
area in center of wing equal to about one-half of wing’s length, basal fourtli white, 
and distal fourth equally divided into light and dark areas, tip dark. Hind wing 
uniformly grayish brown, basal fourth light; one longitudinal vein in center of wing 
becoming indistiiutt near base and not reaching tip; spines on costal margin about 
32 in number; number of hairs in fringe variable, usually 42 ; entire surface of wings 
covered with very fine hairs. 

Femora dark brown except at tips; tibiae with central portion dark brown, ex- 
tremities yellow; fore tibiae somewhat lighter brown; setae distributed irregularly 
on tibiae and tarsi ; hind femora only with setae ; spines present also on lateral mar- 
gins of head, prothorax, and abdomen ; ninth and tenth segments of abdomen with a 
row of long spines on posterior margins. Short, strong spines are prt'sent on pos- 
terior-lateral margins of abdominal sc'gments. Abdomen slightly broader than 
thorax, ovate, tapering sharply to last segment. Ovipositor visible under magnifica- 
tion, extending ujy into eiglith segment. Approximate length of ovipositor, 0.1 (>7 mm. 

Adult Male , — The male differs but slightly from the female; it is sonu'what 
smaller in size, tlio abdomen tapers more gradually, and tlu* terminal a})dominal 
segment is more blunt (fig. 2, A). The coloration, markings, and setae are practi- 
cally identical. Under magnification the reddish-orang<‘ bastes may be seen suspended 
in the seventh and eighth abdominal segments. The external portions of the gem^- 
talia may be seen to extend slightly beyond th(> end of the al)domen. 

There is another character that readily separates the sexes, as is the case in most 
of the Terebrantia, i. e., on the ventral surface of the abdominal segments of the 
male there are transverse ellipticfil areas, more or less transparent and pale yellow 
in color. In ctTtain species there are six of these elliptical areas, on the second to the 
seventh segments inclusive. However, in Hercothrip,^ fascUiim there are only five 
of th(‘se areas present on tlu* second to the sixth segments; the female does not have 
these elliptical areas. 

Average total length, 0.864 mm; length of antennae about 0.224 mm. Width of 
elliptical areas on under side of abdominal Segments 0.016 mm, and length, 0.032 mm. 


Color Ya;riaiion. — Tlie newly emerged adult differs eoiisideral)ly in 
coloration from the fidly matured individual. This differentiation led 
Reuter (1891) to establish a variety abdominalis of Heliothrips 
haeniorrhoidalis whieli Pomeyrol (1928) pointed out as merely the newly 
emerged adult of H. haemorrhoidiilis which had not hardened and taken 
on its adult coloration. When just emerged, the thorax of Hercothrips 
fasciatus is of a dirty yellowish brown with a darker head. The red 
markings so characteristic of the larva and pupa can still be seen faintly 
at the sides of the abdomen. The antennae and legs are pale but have 
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the dark-brown areas very distinet. The eyes and ocelli are a dark brown- 
ish red. The win^j: bands are clearly deinarked. The black pigment 
appears to be first deposited at the sides of the abdomen, obliterating the 
red blotches, and spreads gradually over the remainder of the body. 

Whenever larvae are forced to feed in the direct sunlight, they be- 
come very highly colored. 


ORIGIN AND DISTRIBUTION 

Very little work indeed has been done on the geogra[)hical distribu- 
tion of the Thysanoptera as correlated with the life zones, and even less 
information is available on the geological distribution of the insects 
of this order. Doubtless the small size and rather delicate structure of 
the thrips has resulted in the paucity of specimens given ns as fossils 
today. 

In regard to the geographical distribution of the Tliysanoptera on 
tile liasis of Merriarn’s life zones, Watson (1926) wrot(^ that the Thysan- 
oj)tera of North America practically ignore JMerrianhs zones and that 
the Thysanoiiteran fauna of Florida is more closely related to that of 
Massachusetts and Northern Euro]>e than to that of California. The 
same author also stated tliat tlnu'e was no evidence tliat the distril)ution 
of the ’'Idiysanoptera corresponds in the least to the formations or 
societies as set up and defined by ecologists. 

As to the oi’iginal home of the bean thrijjs, little can be stated in a 
definite way. (^‘rtain authors have suggested that it is indigenous to 
(hilifornia, and collections and the observed habits of the insect show 
that it (‘xists in this state on the native vegetation far from cultivated 
cro])s (Moulton, 1907). Watson (1922) reported this thrips on native 
vegetation in Florida and inferred that Hercothrips fasciatiis might be 
indigenous to Florida. Also Bondar (1924) collected it in Bahia, Brazil, 
and suggest(‘d tliat it was indigenous in that country. There are scat- 
tered records in the literatun* of this s]7eci(‘s fi-om the west coast of 
Mexico, Arizona, and Texas; also some unjiublished data (kindly fur- 
nished by Dr. W. E. Hinds, Uouisana State University, and by Professor 
Franklin Sherman of Clemson College, South (^arolina) extend the 
known distribution of the bean thrips to Alabama, Louisana, and South 
Carolina. Steinweden and Moulton (1930) reported the collection of one 
female bean thrips from citrus at Foochow, China. Until there is further 
evidence, it can only lie said that H. fasciaf ifs is actually indigenous to 
the warmer climates. 
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The known distribution of the })ean thrips at this writing includes 
records from the following states : California, Nevada, Idaho, Arizona, 
Texas, Loiiisana, Alabama, Florida, and Soutli Carolina. In addition to 
tlie United States we have one record from the west coast of Mexico, one 
('rom Bahia, Brazil, and one from China. Extensive and thorough collec- 
tions of tliri])s in North America would no doubt establish many new 
records of tlie distributio]i of this species, particularly in such states as 
New Mexico, Mississi])pi, and Georgia. 

Concerning tlie distrifiution of the bean thrips as regulated by alti- 
hide (in California) we can re|)ort its collection rather commonly up to 
^,000 feet; and even up to :i,000 feet tliis species has been taken on 
Lactiwa scariola. 

The ])resent known distribution of the bean thrips in California is 
jhown in figure .1. 
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NATURE OP INJURY 

The injury clone ])y the bean thrips is the direet result of the feeding 
of the larvae and adults upon plant tissue. In the feeding act the mouth 
cone is applied to the leaf surface and the initial incision made with 
the mandibles and their stylets which are protruded from the concave 
side of the labruin. The long maxillary stylets are then brought into play 
and used to puncture the deeper cell layers. A rooting motion of the 
head is employed to enlarge the opening and cause the plant juices to 
flow more rapidly. The labrum, which bears at tlie tip a round socket 
through which the stylets pass, is closely appressed over the lesion and 
the fluids sucked up. Peterson (1915) wrote concerning the sucking 
action ‘The muscles along the meson of the elastic membrane (of the 
pharynx) contract and dilate the lumen of the pliarynx so tliat a partial 
vacuum is formed, and into this cavity is sucked the juice in which the 
tip of the mouth cone is immersed. On the relaxation of the dilating 
muscles, the (dastic rru'mbrane forces the food dorsad through tli(‘ open 
valve into the oesophagus.^' 

Some authors ha^'e stated that the secretions of the salivary glands 
are toxic to the plant, but this has r(‘cently been discredited. 

Wardle, Simpson, and MacGill (lf^27) stated that, in the case of the 
onion thri]:)s, “Tlie stylets can be j)rotruded beyond the labial rim 11/x 
in the case of the mandil)le and 27^ for the vstylets of the maxillae. 
Whether the hypo|)harynx can be protruded is uncertain.’^ 

As to the relative amount of injury done by the adidts as compared 
with the larvae, there are no actual figures to present. However, from 
careful observations, both in the field and tlie laboratory, on the basis 
of the area eaten over and the amount of excrement deposited, it appears 
that the larvae do a great deal more feeding than do the adults. This is 
as would be expected as the larvae are present in much larger numbers ; 
they are less active and confine their feeding to a limited area ; they feed 
gregariously ; and the.y have to store up sufficient food to carry them 
through the pujial stage with its demand for stored energy. The adult 
male does much less feeding than the female. 

The actual damage resulting from oviposition in the leaves is very 
slight. When the egg is deposited, a very small lesion is made by the 
insertion of the sawlike ovipositor, which is not more than 0.167 mm 
long and 0.059 mm wide at the base. The scar left in the leaf tissue after 
the larva has hatched is approximately 0.25 mm long. 
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The actual damage of the bean thrips is caused, almost entirely, in 
the case of the pear tree particularly, by the premature and excessive 
defoliation. This not only weakens the tree for the ensuing season but 
exposes both the new growth and the fruit to “sun-scalding’^ in the 
hottest part of the summer. 

Wardle, Sim])son, and MacGill (1927) have done some excellent work 
on the actual nature of injury of the onion thrips to the cotton plant. 
These authors stated that the lower side of the leaves is preferred on 
account of the difference in the epidermal thickness. The very old and 
very young leaves are free from thri[)s since the older leaves are too 
tough and the young leaves are put forth ahead of the infestation. They 
wrote further: “leaf injury consists essentially of necrosis of a ]:)atch of 
mesophyll cells lying iinmediately below a gash in an epidermal cell.” 
The lesions are divided by these authors into four progressive stages : 
(1) Palisade layer intact, epidermis intact, and a slight disorganization 
of the outermost mesophyll layer and air spaces. (2) Mesophyll and 
lower epidermis become more disorganized. (3) Mesophyll nearly all 
gone and the palisade layer beginning to shrivel. (4) All tissues, includ- 
ing the upper epidermis, disorganized. This exact succession of stages 
of the lesions will doubtless var}^ under different conditions and in 
different plants. 

The injury, as evidenced by the dropping of the pear leaves is first 
noticed, l)y the growers in the Berry essa Valley (Napa County) particu- 
larly, about the middle of Jidy. The browning and curling of the leaves 
which are shed is apparently the result of the desiccating effect of the 
hot sun upon the leaves injured by thrips feeding. The older leaves — 
that is, the ones earliest infested, seem to drop first. The evidence that 
uninjured leaves in the direct sun, and badly injured leaves that are 
well shaded, do not turn brown and drop, seems to substantiate the fore- 
going conclusion. 

As a result of the dying and dropping of large numbers of leaves and 
the toughness of the older remaining leaves, the thrips are driven to the 
pear fruit. The author has observed many terminals, entirely naked 
of leaves, with a single pear hanging from it infested with upwards of 
100 thrips larvae. The injury to the fruit is in the nature of ugly scars 
and minute oily drops of excrement wdiich lower the grade and market- 
ability to a serious degree. Such injury occurs only in very heavily 
infested local areas where early defoliation is present. Of a total of 
5,265 pear fruits counted August 6, 1930, on the Eccleston ranch, 
Berryessa Valley, at the height of the infestation, 781 showed damage, 
giving about 15 per cent injury. 
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HOST PLANTS 

A true host plant is taken to be one on which the egg, larval, and 
adult stages are found (the pupal stage being passed in the soil). It is 
impossible to ascertain whether the hosts recorded from various sources 
are, in this respect, true hosts or not, or whether the adults were there 
transitorily, or hibernating. In general, the bean thrips is not found on 
plants that are heavily pubescent; tender succulent plants seem to be 
])referred as is evidenced by the infcvStations on the young growth. 

It is very doubtful if the bean thrips can survive on pines. Adults 
were confined on Finns radiata at Davis, and none lived more than three 
days. The adults reported as taken on pine were probal)ly hibernating. 

A large list of host })lants is given by Bussell (19126), Essig (1915, 
1926), and Watson (1923), and the plants listed by them and others 
are included here with new and additional hosts : 


Chop Plants 


Alfalfa 

Cotton 

Peas (garden 

Almond 

drape 

cow peas) 

Apple 

Kale 

Persimmon 

Avocado 

Ijettuce 

Potato 

Beans 

Olive 

Prune 

Beets 

Onions 

Badishes’ 

Cabbage 

Orange 

Swiss chard 

Cauliflower 

Peach 

Tangerine 

Clover, red 

Pear 

Tomatoes 

Corn (young shoots) 


Turnips 


Wild and Ornamental Plants 


Amaranihuti retroff,e.TUs (rough 
pigweed ) 

Anthemis eotula (mayweed) 
Arundinaria japmiica (Vjamboo) 
Aficlepias mcxicana (milkweed) 
Aster sp. 

A triplex Hp. (saltbush) 

Bidens pilosa (bur marigold) 
Brassica campestris (common yellow 
mustard) 

Canna sp. 

Cassia sp. 

Chenopodium murale (nettle-leaf 
goosefoot) 

Cirsium edule (Indian thistle) 


Convolvulus arveyisis (morning-glory) 
Crepis sp. (hawksbeard ) 

Eohmocystis sp. 

Erigeron canadensis (horseweed ) 
Erodium cicutarium (red-stem lilaree) 
Eschseholtzia calif arnica (California 

poppy) 

Foeniculum sp. (fennel) 

Geranium sp. (cranesbill) 

GnaphaXium decurrens var. calif ornicum 
(California everlasting) 

Helianihus annuus (common sunflower) 
Heliotropimn currassavicum (Chinese 
pusley) 

Hemizonia sp. (tarweed) 
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Iris germanica 

Lactma scariola (prickly lettuce) 
Lactuca scariola var. integrata 
Lotus americanus (Spanish clover) 
Lotus scoparius (dcerweed) 

Lupinm sp. 

Malva parviflora (mallow) 
Medieago hispida (bur clover) 
Melilotus alba (white mcdilot) 
Mentha sp. (mint) 

Menizclia laevicanlis (blazing star) 
Mirabilis laevis (wisliboiie bush) 


Moniia perfoliaia (miner^s lettuce) 
Nicotiana glaiica (tree tobacco) 
Polygonum aviculare (wire grass) 
Pueraria hirsuta (Kudzu) 

Pyracaniha sp. (iirethorn) 

Sonchus oleraceus (common sow-thistle) 
Stcllaria media (common chickweed) 
Tacsonia mollissima (passion flower) 

T ropacolum majus (nasturtium) 

Tulipa sj). 

Lerhascum virgatum (mullein) 

Vida sp. (wild vetch) 


LIFE HISTORY 

Hearing Methods and- T etdinique . — Both larvae and adults were col- 
lected by sucking them into a minature wash-bottle apparatus (Bailey, 
1932). Plain cellophane (No. 300 permeable) envelopes were used in 
caging the thri[)s on host plants. These envelopes were placed over 
single leaves or entire terminals, cotton was wrapped around the petiole 



CELLOPHANE CAP 

GLASS TUBE 

LEAF 

COTTON PLUG 
YUCCA BLOCK 

PETRI DISH 
WATER 


Fig. 4. Type of cage used in rearing thrips in the laboratory. 


or twig, and the cage constricted and tied tightly at this point with 
string. In addition to using potted plants with cellophane cages in the 
laboratory, a series of glass tubes Va to % inch in diameter and 3 inches 
long were employed as rearing cages (fig. 4). Since the grade of cello- 
phane used is permeable to atmospheric conditions (Bailey, 1931), con- 
siderably less condensation of moisture resulted from transpiration and 
the danger of the thrips’ drowning was reduced. This method facilitated 
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observations, the changing of food, and keeping a supply of water 
present witliont allowing the thrips to escape. A cainers-hair brush was 
used in transferring the small larvae. 

The most satisfactory food was found to be pear and bean leaves. 
Sprigs of alfalfa, while l)eing very satisfactory from many standpoints, 
prevented accurate counts and observations since the leaves and blos- 
soms were too dense and overlapping. 

A S})ecially constructed air-conditioning cabinet was employed in 
studying the eff(*ct of temperature and humidity upon various stages in 
the life history. Cold chambers, in which tlie Inimidity was uncontrolled, 
were used in obtaining constant tem])eratures below bO"" P. 

Purther details on the technique used in these studies are given with 
the expcT-iments which are reported in following pages. 

Hibernation . — Tlie bean thrips liibernates in the adult stage. Local 
conditions regidate the place of hibernation as well as the duration of 
the dormant period. Hibernation s(‘(‘ms to be chiefly a temperature re- 
action since inactivit}" on the part of the adults can, be brought about 
under controlled conditions by lowering the tcunperature, and Jiormal 
activity is resumed ui)on subse(juently raising the temi)erature. Both 
the entrance into and tlie em(‘rgence from hibei-nation is gradual and, 
ev(‘n on (*x('e])tionally warm days (maximum tenijierature 75' “80'' P) in 
the wintcj', they exhibit some activity. 

Only a very sliglit amount of feeding seems to be done during hiberna- 
tion and practically no excrement is to be seen on the leaves of the plants 
furnishing the protective (piarters. All activity is at a minimum, and 
they are found nearly always clustered togidher and will, if disturbed, 
move about very slowly. The abdomen of the hibernating adults ap- 
))ears shi'unk(*n and fiat and the wings in many cases seem to be stuck 
together. When dormant adults were taken into the lalioratory and 
warmed up, the males seemed to react first, the females being much 
mor(* shiggisli. When sufficiently warmed up, tliey began to hop about 
and commence feeding. Temperatures as low as 16° P ap])eared to have 
little (‘ttect on the hibernating adults in the field. 

About the last of October or the first of November, the adults become 
inactive' and seek out hibernating quarters, migrating cliiefly to plants 
that are* still green. Egg laying, co])ulation, and finally feeding cease 
and the adults begin to cluster in protected places. The overwintering 
])Oi)ulation appears to suffer a heavy mortality, and many individuals 
have been found dead in drops of water standing on the leaves, and 
large numbers of dead have been observed stuck to wet leaf surfaces. 
Only those adults (‘xtremely well x)rotected seem to survive the drench- 
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ing rains of the winter season. By the last of March the survivors be- 
come active and gradually migrate to alfalfa and various weeds, such as 
prickly lettuce, sow-thistle, and filaree, occurring nearby. 

This insect then passes about five months of the year in hibernation, 
i. e., from the latter part of October or the first of November to the last 
of March or the first of April. 

At Davis in the fall of 1929, adult bean thrips were found hibernat- 
ing at the base and in the angles of onion stalks in an isolated seedbed, 
and on the under side along the midrib of Swiss chard leaves, particu- 
larly those close to tlie ground. In danuary, February, and March, 1930, 
adiiits were found hibernating at the base of iris leaves, and here again 
on those leaves close to the ground. 

Mr. F. II. Wymore collected hibernating adult bean thrips on orange 
leaves infested with soft brown scale (Coccus hesperidum L.) at Davis, 
December 16, 1929. The thrips were huddled among the scales and some 
were even in the emergence holes of the parasitized scales. 

In Monticello (Napa County) in October, November, and December, 
1929, adults were found on red-stem filaree in the pear orchards. During 
the winter it is very difficult to find the remaining scattered adults on 
account of the profuse growth of weeds and their wet, matted condition. 

In the winter of 1930-31 a more extensive search for liibernating 
adult bean thrips resulted in finding large numbers hil)ernating on 
various ornamentals at Davis. In addition to iris, adults were collected 
from the under side of the leaves of roses, Pyracantha, Vihurfium, and 
Ca/nna. 

L. A. Whitney (1930) reported that, during inspection work in 
Hawaii in December, 1929, hibernating adults of Hercothrips fasciatus 
were found on shipments of j)ersimmons, tangerines, and oranges from 
California. Russell (1912/>) reported that Professor Ijawrenee Bruner 
took hibernating adult l)ean tlirips from the navel end of oranges at 
Lincoln, Nebraska, February 14, 1899, and at llrbana, Illinois, March, 
1907. In both instances the oranges w^ere from California. 

Activities of the Newly Emerged^ Adult. — It has been noticed in the 
laboratory, from a very large number of pui)ae collected in the field as 
mature larvae, that newly emerged adults are inactive for about 24 
hours. When a number of mature larvae pupate on the same day, the 
females, in every case observed, emerge as adults 10-30 hours before the 
males. Mating has runner been observed on the part of newly emerged 
adults without first having fed. They remain quiet for the first day, 
probably for the hardening up of the exoskeleton and full deposition of 
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pigment. An occasional individual w^ill live as long as six days after 
emerging without food or water. 

Feeding begins in earnest on the second day, and is increased on the 
third day, Cof)ulation has been observed on the second day in a few 
instances and oviposition has been foimd to occur as early as the third 
day after emergence. These activities seem to vary, however, with the 
temperature. Oviposition lias been observed in a number of cases on the 
fourth day after emerging on the part of unfertilized females. 

Ability of the Adult to Burroiif Up Out of the Soil . — The adult bean 
thrips do not have much ability to force their way up through the soil. 
It was thought that the newly emerged adults crawl to the surface 
through cracks and openings in the soil rather than actually forcing 
their way through the compact soil. If the structure and position of the 
soil y)articles are altered after the mature larvae have found a suitable 
place in which to pupate, it was shown that the adults cannot make tlieir 
way to the surface, and consequently die. 

Mature larvae and pupae were placed in |)int jars and coarse or fine 
sand from V 2 3 indies in depth carefully sfiread over tliem. Over the 
mouth of eadi jar was stretched white cotton cloth held tightly in place 
by a rul)l)er })and. The jars were S(‘t on a laboratory table and insj)ected 
daily for newly emerged adults by examining the under side of the 
cloths, care being taken not to disturb the soil. Jars Nos. 1 and 2 con- 
tained pupae that had darkened uj) and were about ready to emerge. 
Jars 3, 4, and 5 contained pr(q)upae and iiupae, and jars 6, 7, and 8, 
mature larvae only. A summary of the experiments is given in the 
accompanying tabluation. 


Jar 

Number of 
forms 

Kind and depth of 
covering 

1 

10 

inch fine soil i 

2 

12 

inch coarse soii 

3 

10 

1 inch fine soil 

4 

20 

1 inch coarse soil 

5 

10 

3 iiM^hes coarse soil 

« 

35 

1 inch fine soil 

7 

12 

1 inch coarse soil 

8 

32 

3 inches coarse soil 


Normally the adults should have appeared in one day from jars 1 and 
2 and in about six days from jars 6, 7, and 8. However, after ten days no 
adults had appeared and we were forced to assume tliat they could not 
burrow to the surface when covered in this manner. 
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ill Ilercothrips fasciatus. in tlie laboratory under controlled conditions, 
in the ^^reenhonse, and in tlie field the bean thrips has been found to 
reproduce bisexually and, wlien no males are present, the unfertilized 
females produce only male jiro^eny. 

In these experiments the females were obtained by eolleeting mature 
larvae in the field or by raising them in the lalioratory, allowing them 
to pujiate, and isolating tli(‘ female pupae as soon as they had developed 
sufficiently to enable the sexes to lie distinguished. These virgin females 
upon emei'ging wm'e jilaced on uninfected leaves of beans or jiear. 
Tbeir jirogeny were raised to maturity and tlie sex determined. Cello- 
phane envelopes were used in the field and glass tubes were employed 
in the laboratory (see section ‘Clearing Methods and Technicpie”) . The 
females were changed to frc^sh leaves every fiv(i or eiglit days with the 
collecting aj)paratus or a camers-liair brush. Individuals classified as 
“mated’' were observed to coj)ulate in vials before being isolated. The 
mature larvae were allowed to pu|)at(‘ on the (;otton plugs both in the 
field cag(‘s and in the glass tul)es in the laboratory. Check cages of 
mated individuals were run in eacli exi)eriment when tlie jiotential 
parthenogenesis of virgin females was being tested. 

During the summers of IfloO and l!)d] a total of 22 experiments w(‘re 
eonductiMl with unmated femah^s to determine wlndher or not they 
were able to reproduce iiartlienogenetically. In these experiments a total 
of 274 unfertilized finnales were used, all of wbicb gave jiositive r(\sults 
and the jirogeny which wej*e reared to maturity from 140 individuals 
were all males. In the check cages in the fit'ld where males were con- 
tinually jiresent and jiromiscuous mating took place, the jiroportion of 
sexes was 45 per cent males and 65 per cent females, which is only a 
slightly higher ])(‘rcentage of males than found in the field collections 
of adults, 

A number of females reared in tlie laboratory were mated once only 
in vials and then isolated on pear leaves to determine tln^ projiortion 
of sexes in tlie otTs])ring. The experiment was continued in each case 
until the deatli of tlur ftnnale. Tin* larvae liatching out in ten-day inter- 
vals were isolatinl and the sex determined when maturity was reached. 

Table 1 gives a summary of this experiment. 



June, 3933] 


The Biology of the Bean Thrips 


487 


TABLE 1 

Progeny of Females Mated Once Showing 
Proportion of Sexes 


Female No. 


1 (Length of life, 52 days). 


2 (Lengt h of life, 22 days). 


3 (Length of life, 20 days).. 



Sex of progeny in suc- 
cessive 10-day periods 


Females 

Males 


1 

3 

1 



7 

0 



6 

3 



0 

3 


i 

. 0 

7 


f 12 

0 


\ 0 

12 


1 6 

0 


1 0 

5 


Females wliieli art' mated only once apjiarently either use up the 
sperm in fertilizing' the e^<?s laid first or the remaining sperm lieeoines 
imiiotent and the ej^'jrs laid later are unfertilized. 

7\]iother set of experiments was eondueted illustrating' the eonversc 
of the above. Newly eim'r^ed unrnated femah's were isolalt'd on ])ear 
leaves for a given number ot‘ days; the larvae lia telling out were care- 
fully reared, and the sex of the adults determined. The original un- 
mated females were tlien mated and again isolated and tlie sex of the 
offspi’ing determined. A summary of lliis set of experiments is given in 
table 2. 


TABLE ‘J 

m^opoKTioN OF Sexes in I’kogeny of F^emales, 
liEi’OKE AND After Mating 


Number of females 


^ / Fnrnated. 8-day period 
\ Mated, 8-day j)eriod 

^ / Fn mated. 8-day period 

\ Mated, 8-day period 

j J Unmated, 27-day period 

\ Mated. 8-day period 

j / Unniated, 20-day period 

\ Mated, 10-day period 


vSex of progeny 


Females 

Males 

0 

16 

18 

4 

0 

13 

15 

4 

0 

16 

3 

0 

0 j 

23 

2 

2 
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The unmated females produced only males and when mated pro- 
duced nearly all females, the males appearing after mating probably 
came from eggs which in some manner escaped fertilization. 

So, it can be seen that the bean thrips, while normally reproducing 
bisexually, is capable also of reproducing parthenogenetically. The 
males are then necessary to the continuation of the species and there is 
no evidence that a transition is taking place from a bisexual mode to one 
of parthenogenesis. Doubtless, in nature, females often reproduce 
parthenogenetically but the progeny in such an event, being all males 
would insure fertilization of any females remaining and the subsequent 
production of more females. 

Copidation . — Copulation in Hercothrvps fasciatus takes place as has 
been observed and described in other species by many workers in the 
sul)order Terebrantia. The male being smaller and much more active 
than the female, when conditions are such as to stinnilate copulation, 
avidly seeks out the female. The male either crawls or hops on to the 
back of the female and, as Russell (19r2?>) writes, “It then exerts the 
copulatory organs from the tip of the abdomen and shifts around toward 
the side of the female, at the same time bending the abdomen under the 
ventral side of that of the female. The copulating organs are then moved 
back and forth until tliey encounter those of the female.’’ Tlie length of 
time of connection varies from 2 to 10 minutes. At high temperatures 
(95^"-! 15"^ F) the complete act is greatly shortened. 

Egg Laying . — Both temperature and light seem to play important 
roles in stimulating or retarding egg laying. Oviposition by the bean 
thrips is most frequently observed in the early morning and late 
afternoon. The process of egg laying has been observed to take place 
on both the upper and lower sides of pear, prune, and prickly-lettuce 
leaves. The duration of the act seems to vary greatly, depending on the 
condition of the leaf tissue, being from 4 to 9 minutes. 

The act of oviposition begins, after the female has found a suitable 
place, by arching up the abdomen and extruding the ovipositor at right 
angles to the body. With a sawing motion the ovipositor is driven its 
entire length into the leaf and worked forwards and backwards to 
enlarge the slit. 7Mie female then rests before beginning the actual laying 
of the egg. Contractions and undulatory movements of the abdomen 
are visible and a firmer grasp of the leaf is taken by the feet. The female 
appears to labor heavily at the time that the egg passes out of the body 
and a slight exudation of excrement is sometimes visible. Often, after 
the ovipositor is withdrawn, a drop of excrement is placed over the slit 
made in the leaf. PV.eding begins soon after the act is completed. 
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The ovipositor is often canght or wedged in the leaf tissue and the 
female dies struggling to witlidraw it. This seems to be more common 
on the older leaves. Many attempts at oviposition are made which are 
unsuccessful, owing, no doubt, to the toughness of the epidermis. 

Proportion of Sexes . — The proportion of sexes throughout the year 
does not vary greatly. During the past two years collections and counts 
have been made to determine the exact relation in numbers l)etween 
the sexes and the sea*sonal variation in the proportion if there be any. 
Collections were made in the field on various hosts throughout the year 
and counts were also kept of the sex ratio of adults reared in the labora» 
tory. In all, 2,601 adults were counted, of which 1,769 were females and 
832 males, which gives a ratio of 68.1 jier cent females and 31.9 ])er cent 
males. 

The proportion of sexes of 485 adults reared in the laboratory was 
found to be 72.5 per cent females and 27.5 per cent males. The propor- 
tion of sexes in greenliouses on beans was found to )>e 74.4 per cent 
females and 25.6 per cent males. 

Collections of adults were made at Davis throughout the year and 
sex ratios recorded to determine whether or not there was any seasonal 
variation in the projioi’tion of sexes in the bean thrips as is known to 
occur ill many other insects. Table 3 gives a summary of the monthly 
collections and determinations. 

TABLE 3 

Seasonal Variation in Proportion op Sexes 


Date 

Host 

Females 

Males 

Total 

Sex ratio, per (!ent 

Females 

Males 

July 19, 1930 

Beans 

116 

40 

150 

74.3 

26 6 

Aug. 4, 1930 

Prickly lettuce 

70 

33 

103 

67.9 

32 0 

Sept. 20, 1930 

Canna, iris, and prickly lettu<!e. 

107 

64 

171 

52.5 

37 4 

Oct. 18. 1930 

Caiiiia, iris, and ornamentals 

97 

42 

139 

69 7 

30 2 

*Nov. 27, 1930 

Canna 

274 

159 

433 

63,2 

30 7 

♦Dec. 20, 1930 

Canna and Viburnum 

149 

77 

220 

05.9 

34 0 

♦Jan. 24, 1931 

Canna and Viburnum 

58 

61 

109 

53.2 

46 7 

♦Feb. 16, 1931 

Viburnum and iris 

40 

29 

69 

57 1 

42.8 

Mar. 21, 1931 

Prickly lettu<!e and sow thistle.. 

60 

24 

84 

71 4 

28.6 

April 19, 1931 

Prickly lettuce 

60 

16 

06 

75.7 

24.2 

May 20,1931 

Prickly lettuce 

159 

76 

235 

67.7 

32,2 

June 22, 1931 

Prickly lettuce 

80 

28 

108 

74 0 

28.9 


Totals 

1,260 

1 

639 

1,899 




Average sex ratio 


66,3 

33.6 


* Hibernating period. 
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It will be seen that the sex ratio does not vary greatly in the green- 
house or in the laboratory from tlie ratio found to exist in the field 
under normal conditions. The seasonal variation, although not being 
great, demand some exf)lanation and the following interpretation is 
suggested. Ilussell thought that since the males were more 

active than the females they were not so often collected. However, the 
sex ratio determined from adults reared from confined larvae in the 
laboratory does not differ greatly from the average sex ratio of all the 
field collections and very closely approximates field collections made in 
the same month. It is difficult to explain why the collections made in 
January and February sliow a higher ])ercentage of males since the 
males are normally shorter lived than th(‘ females and are apparently 
more easily killed by low temperatures. A liigh ])ercentage of males is 
apparently not re(juired in this thrips, as is tlui (*ase in some iiisects, 
since the males are very active sexually and mate promiscuously. The 
normal sex ratio of f(miales to males then is about 2 to 1. 

Power of Flighi . — The ]K)wer of flight is not so strong in the bean 
thri])s as in many of tlie Tei-ebrantia and consecjuently it does not 
migrate so readily as does the i>ear thrij)S or wheat thri})s. The adult 
of fasciatiis has, however, th(‘ ])Ower of hopping, and tliis capacity aids 
greatly in the dis])ersal of thes(‘ insects. The wings of adults hav(‘ been 
cli])p(*d off by the writer and th<‘ distance of tlie hops was mwer greater 
than 10 or 12 inches, llefore taking off, the end of tlie abdomen is curled 
upwards which aids in spreading the wings, and then the insect s])rings 
nearly straight up into the air. Without the aid of tln^ wind, the flight 
is zig-zag or spiral in manner and is usually not more than 2 or 4 feet in 
distance. 

The manner of disjiersal in the field is irregular, deiiending on the 
amount and direction of the air currents and the source of the original 
infestation. 

Longevity of the Adult . — The length of life of the adult bean thrips 
varies with the season of tlie year. Hibernating adults live as long as 
five months and during the hottest part of the summer the avei’age life 
of the adults in the field is about three weeks. Without food or water the 
average individual cannot live much longer than 24 hours and, with 
only water availahle, an occasional adult will live as long as six days. 
Newly emerged adults have been observed to exist as long as three days 
without food. 

No actual counts were taken on the numbers of overwintering adults 
that survived, but during the winter of 1930-31 at Davis it is known 
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definitely that hibernatinj? adults lived at least five mouths. The len^^h 
of the hibernating period will of course vary from year to year and no 
doubt certain overwintering individuals survive even longer. 

The average length of life of 812 adults confined in cellophane cages 
on pears and beans was 22.1 days. 

Also, mature larvae were collected in the field and allowed to pupate 
on the cotton i>lugs in shell vials in the laboratory. The adults upon 
eiiH'rging were retaiiuMl in the vials either without water or with water 
made available by standing the vial upright in a disli of water, the 
cotton plug acting as a wick. This raised the humidity in the vial and 
the adidts could obtain water by crawling down upon the saturated 
cotton. h\)od was made available to the thri])s by the method described 
under “Rearing Methods and Technique.” Of 81) newly emerged adults, 
the average hmgth of life without food or water was 21.6 hours; and of 
277 newly emerged adults, which were given water only, the average 
length of life was 4.6 days. The average lengtli of life of the adult bean 
tlirips was found to b{‘ 15.7 days, when given both food and water, in tlie 
lal)oratoi‘y under artifi(dal conditions, which is somewhat shorter than 
in the field. 

Hatching, and Activiiics of the Larva . — Ilean thrips larvae liave Ixhui 
observed to liatch from the egg on many occasions both in tlu^ daytime 
and at night. Previous to emergcmce, the egg seems to swell and give 
the appearance of a minute bum}) on the leaf. With magnification, the 
reddish-l)rown eye spots are often discernible througli th(‘ (g‘g shell. 
The egg shell splits lejigtliwise in the r(‘gi()n of the thorax of the mature 
embryo. The hack of tire head and tliorax of the emerging larva become 
visible first, TIk^ head is then jrushed out of the shell and, by uiidula- 
toj*y movements, tlie whole body is raisr^i at right angles to the leaf 
surface. The emerging lai’va bends its body over sufficiently to gras^) 
the leaf surface with its feet and pulls the ti]) of the abdomen (mtirely 
out of the egg sh(41. Feeding comimmci^s immediately. 

Since the moiqdiology of the mouth parts has not berm studied in 
detail by the writer*, it can only be said that, to all a])i)earances, the 
mouth jrarts of the larva are similar to those of the adult. As was stated 
undrvr the section “Nature of Injury” the larva does more fr^eding than 
the adult and is also inclined to feed in groujrs over a small area of leaf 
or fruit surface, thus leaving the silvery scars which are so character- 
istic of thrips’ damage. 

Distribution on the Host . — The majority of the larvae are found on 
the under side of the leaves of the hosts. Possibly th(‘y frequent the 
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under side because tlie adult female finds the tissue here more favorable 
for oviposition or the larvae wish to avoid the direct rays of the sun. 
However, with the general observation in mind, counts were made to 
determine if such was actually the case. Of a total of 6,463 larvae 
counted on j)rickly-lettuce and pear leaves, 3,978, or 61.5 per cent, 
were found on the under side and the remainder on the upper side of 
the leaves. 

In the case of heavily infested plants or terminals the larvae after 
having eaten over the entire under surface of the leaf will crawl onto 
the upper side and there complete their development. Thus, if counts 
were made from plants heavily infested with thrips early in the season, 
the majority of larvae would be found on the upper surface. However, 
under tlie usual conditions, the largest numbers of larvae are found on 
the under side of the leaves. In general, it might also be said that as the 
infestation works upwards on the host through the season, the majority 
of the large mature larvae are found on the lower leaves and the younger 
larvae and eggs on the upper ones. 

The proi)ortion of larvae to adults found on the host plants presents 
a condition which goes to show the great mortality present in the larval 
and pupal stages of this species of thrips. The subject of mortality will 
be found treated in anotlier section and it is the purpose here to present 
the data obtained from field counts and observations on the propor- 
tion only. 

Infestations of bean thrips were examined on pear foliage, beans, 
alfalfa, Swiss chard, sugar beets, and prickly lettuce, and counts were 
recorded of the numl)ers of larvae and adults present. Counts were 
made of the total number of thrips on individual plants and on indi- 
vidual leaves taken at random. Needless to say, during the fall, winter, 
and early spring such figures do not apply since there are no larvae 
between November and April. Over a period of three seasons, on various 
hosts and in three localities, the percentage of adults varied only from 
14.4 per cent to 32.2 per cent. Tlie proportion of larvae to adults on the 
plant is, then, about 5 to 1. 

Mortality of Mature Larvae, Prepupae, and Pupae in the Soil . — In 
making this detailed study of the life history of the bean thrips it was 
observed that, as is the case very often in nature, there is a very high 
mortality under natural conditions, and of the large numbers of indi- 
viduals which are hatched, only a small number reach maturity and 
reproduce. 

That such is true of the bean thrips is very clearly shown by daily 
counts and careful records kept over a period of nearly two months 
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during the summer of 1930. A total of 9,143 mature larvae was obtained 
from the daily counts taken, and of this number 3,542 adult thrips and 
83 parasites {Thripoctemis rimdli Cwfd.) emerged. These figures show 
a, 60.3 per cent mortality (including 0.9 per cent parasitized) of those 
forms which were in the soil. 

The greatest mortality occurs before the mature larvae transform to 
the prepupal stage. The prepufial stage contributes to the death rate, 
but to a lesser degree than the larval stage. In tlie pupal stage tliere is a 
slightly higher death rate than in the prepupal stage since the latter is 
very much shorter. Of a total of 624 mature larvae collected from liost 
jilants in the field and reared in the laboratory, 213, or 34.1 per cent, 
died before molting to the prepupal stage; 58, or 9.3 per cent, died in 
the prepupal stage; and 103, or 16.5 per cent, died while in the jnipal 
stage. From these figures we obtain a 59.9 jier cent mortality, which is 
very close to that obtained from the field counts. 

Some further attemjits were made to determine the mortality of those 
stages which undergo a period in the soil. A wooden box, 12 x 8 inches 
and 8 inches deep, was filled with coarse soil and buried in the ground be- 
neath a stand of prickly lettuce. The top of the box was made level with 
the surface of the ground and a wooden cover fitted tightly over it. A hole 
was bored in the cover through whi(*h a known number of mat-ure 
larvae w^ere introduced. A test tube was then inserted in this hole in 
the cover. The adults u})on emerging are positively |)hototropic and 
crawl up into the tube towards the light and thus could be collected and 
counted. From 300 mature larvae employed, only 114 adults were ob- 
tained, thus giving a mortality of 62 per cent of the stages in the soil. 

It is rather remarkable that the percentage of mortality in the field in 
1930, in the laboratory over a period of several months, and again in 
the field in 1931, are all so close, varying only from 59.9 to 62 per cent. 
It appears then that only about 40 per cent of the individuals becoming 
mature as larvae ever reach the adult stage and the counts illustrating 
the proportion of larvae to adults (which was found to be 5 to 1) point 
toward an even higher mortality. 

Needless to say, before the larvae reach maturity and drop from the 
host, various predators, in addition to other factors, take their toll. 
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SEASONAL HISTORY 

The seasonal history ot* tlie bean thri])S is not so narrowly defined nor 
so regular in its cycle as are certain other s])ecies of thrips, the pear 
thrips, for example (Cameron and Treherne, 1918) . The generations are 
not clearly demarked and the seasonal activities as a whole are subject 
to considerable fluctuation depending upon the climatic factors and 
their degree of yearly variation. An account of the activities through 
the seasons can then, only in a general way, follow the insect through 
its yearly cycle. In addition to there being a yearly variation in the 
appearance and abundance of the bean thri]>s, its seasonal history varies 
to some ext('nt in tlie different localities of its range, but we are here 
concerned with the conditions obtaining in central (hdifornia. 

The winter is passed in the adult stage on various host plants, prefer- 
ably those remaining green throughout the colder months. This period 
of hib('rnation (N()veml)er through March) is not one of complete in- 
activity. The adults are found singly or in groups on the under side of 
the leaves of various ornamentals or on filaree. lu|)ine, poppy, miner’s 
lettuce, and other native plants brought up by the first fall rains. The 
driving rains kill many of tlie overwintering individuals, unless well 
protected, by beating them off the hosts and trapping and drowming 
them among the lodged and sodden plants. During March, prickly 
lettuce, which is the favorite host, begins to a])])ear and wuth the first 
warm days the survivors gradually migrate to this host and other early 
succulent plants such as sow^-thistle and oftentimes alfalfa. 

With the rising daily mean temyierature (55"'-60° F) of spring the 
adults begin to copulate and lay the eggs for the first generation. The 
adults continue to feed and oviposit for several weeks, but it is doubtful 
if many of them survive long enough to be included with the adults of 
the first generation and contribute to the second. 

The length of the various stages in the life history and the number of 
generations were determined from cages placed on the host plants in 
the field. 

The eggs, w9iich are deposited in the leaf tissue require a long period 
of incubation, probably as much as 20 days, in the early spring. By the 
last of April larvae can be found in small numbers on prickly lettuce, 
filaree, California poppy, sow-thistle, etc., l)ut the advdts have become 
very scarce. The larvae mature in al)out three weeks and drop to the 
ground, crawl down cracks and openings in the soil to a depth of several 
inches and there transform. The prepupal and pupal stages together 
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require 10 days or more. By the latter part of May tlie adults be^^in to 
appear in numbers to complete the first generation. 

The newly emerged adults crawl up to the surface l)y way of the 
cracks and openings in the soil and find their way back onto the same 
wild plants and there lay the eggs for the second generation. The larvae 
of the second generation can be found about the first of June. The life 
of the adults during April and May is at)out four weeks and they 
continue to feed and ovi|)osit over tiiis entire ])eriod. 



Fig. 5. Pric'klv lottnco botwoon Ix'an fiold and orcliard ])r()viding favorable 
eondition.s for iTridsiiiniiier infestation of bean thrijxs. 


The second generation comi)l(‘tes its cycle in about a month, whereas 
the first generation requires about six weeks. From tlie fn-st of dune on, 
there is such an overla])ping of generations that there are no marked 
broods. 

During June, July, and August, a generation is coniplet(‘d about 
(‘very three weeks. At the high summer temperatures (daily mean tem- 
perature of about 72"" F) the length of incul)ation of the egg is al)out 7 
days, the first and second larval stages together extend over about 10 
days, and tiie pu])al forms pass aliout 5 days in the soil. 

Relatively few bean thrips are found on any i)lants in the summer 
other than ])ri(*kly lettuce; i. e., where cultivated crojis or ornamentals 
are not near by. Aliout the first of duly, this plant begins to thi*ow out 
its inflorescemee and the plant loses its succulence (fig. 5). The adults 
emerging at this time are forced to seek new hosts and there are to be 
foundiVery few wild plants suitable. However, the variety mtegrata of 
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Lactuea scariola germinates much later than the species and there is 
thus a scattering second crop of prickly lettuce. In addition, blazing 
star, MentzeMa laevicwulis, and a few other plants also serve as hosts 
during the late summer. The adults congregate upon these plants which 
are capable of supporting them through the late summer and early fall, 
provided, of course, crops are not at hand. 

In Se})tember and early October there is another, the sixth, and 
possibly a partial seventh, generation. Shortly after the first of October 
the larvae disappear rapidly with the approaching cool, damp weather. 

With one generation in April and May, a second and perhaps a par- 
tial third in June, one and one-half generations in both J uly and August, 
and one generation in September and early October, there are, normally, 
six or perhaps seven generations a year in central California. 

The fall rains bring up a new crop of native plants, such as filaree, 
lupine, etc., which the remaining adults seek out and upon which they 
pass the winter. 

There are two critical periods in the seasonal history of this thrips 
and they are both dependent on the amount of precipitation, which of 
course directly influences the abundance and condition of the native 
hosts. If the fall rains are either light or late in arriving, the adults have 
no succulent host capable of supporting them previous to hibernation 
and consequently suffer a high mortality. Again in the spring, in years 
of low rainfall, if there is no rain after March and the weather warms 
up rapidly, the wild plants are usually small and mature early. This 
results in a serious condition for the bean thrips, for even though a hot, 
dry climate is most favorable to the species, if the hosts are small and 
mature early, a high mortality prevails. 

It is during dry years or in localities that present a semiarid condition 
normally that the bean thrips becomes of economic importance. When 
the native hosts begin to dry in early summer, the newly emerging 
adults at this time seek any other hosts available as beets, alfalfa, beans, 
pears, cotton, etc. The initial infestation builds up rapidly as the high 
mean temperature and low humidity make for ideal conditions for 
multiplication and by late summer severe damage results to such crops, 
particularly in nonirrigated sections. 

A detailed study of the seasonal history of the bean thrips in pear 
orchards has been carried on during the past three seasons, and a brief 
account appropriately finds a place here. 

The major portion of the work was done in the Berryessa Valley 
(Napa County), but additional information was obtained from pear- 
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growing sections in Sacramento, Yolo, and Lake counties (Lewis, 1928, 
1929, and Smith, 1930). 

In the winter months the hibernating adult thrips are very difficult 
to find in the pear orchard environment. The floor of the orchard is at 
this time usually covered with a dense growth of weeds composing a 
eovercrop. The few surviving adults are usually found on filaree and 
additional individuals often may be obtained from other weeds by gen- 
eral sweeping with a net. Almost invariably, wherever a prickly-lettuce 
plant is to be found, in thrips-infested localities, the adults are found 
congregated thereon in the late winter. About the last of March the 
eovercrop of weeds is plowed under, and the adults which have success- 
fully survived the winter become concentrated on any prickly-lettuce 
plants not destroyed by plowing in the orchards, and most frequently on 
those stands which so commonly spring up along the roadsides. The first 
and probably the second generations of the season are passed on these 
weeds. 

From this point on, up to the time of the initial infestation of the pear 
trees, the activities of the tlirips are difficult to follow accurately but 
an attempt is made here to analyze the succession of events at this time 
as brought out l)y varying local conditions. 

In view of the facts that the early infestations are very local in the 
orchards and that the ])ean thri])s has no strong powders of fliglit, migra- 
tion from adjacent fields can perhaps be discounted. Also, there is no 
direct evidence that a prevailing wind is a factor of any great import 
in the distribution of tliis species of thri])s. 

It has consistently been a])parent that the early infestations on the 
pear trees can be definitely correlated with the presence of wild hosts in 
very local areas. Those trees with limbs close to or actually touching the 
ground or those with sucker growtli are the first to be infested. With the 
varying degree to which orchardists employ cultural practices, com- 
parisons have been afforded in this study between orchards extremely 
well kept and tliose whicli have been somewliat neglected. From these 
comparisons it has been ajiparent that those orchards which were the 
most untidy in respect to weed growth, and those not well pruned, ex- 
perienced the worst damage from bean thrips. 

This matter of the presence or absence of weeds offers perhaps two 
possible explanations for the ultimate damage to the orchards. One 
explanation suggests that the early cultivation and removal of the 
prickly lettuce and other weeds forces the few adults jiresent to migrate 
to the pear trees and, with an initial infestation of small numbers, some 
weeks are necessary for a sufficient population to build up to cause 
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severti damage. On the other hand, if many wild hosts are i)resent in 
and about the orchard, a large population of tlirips builds up thereon 
(since the native hosts are preferred to the p(^ar) and wJien these 
plants are killed, or mature, a forced migration to the pears takes place. 
Such an infestation takes |:)la(‘e later in the season than in the case cited 
above, but the initial infestation in the second case is much greater and 
tlie damage, while showing up somewliat later, is more severe. 

Whatever may be tin* exact succession of events, the thrips are usually 
found on tlie pear trees during tlie latter part of June. Througliout the 
following weeks the infestation which starts on the lowest hranches 
gradually works uj)ward and outward through the trees and by the last 
of the summer thrips are found, in severe cas(‘s, 15-20 feet high on the 
outermost terminals. In general, it is about tlie middle of July that the 
orcfiardists first notice the preseiu'e of the liean thrijis on account of the 
drop])ing of dead leaves. 

Tlie third, fourth, and fifth generations and jiroliably a partial sixtli, 
depending on the season, are jiassed on the pear. By tlu? first of Octolier 
tlie leaves begin to fall and from then on the larvae disappear rapidly. 
The adults Ixgin to seek out the remaining wild hosts as haciuca 
scariola, Lupin and the first fall ])lants, chiefly filaree, on which to 
feed occasionally and subsecpiently ])ass the winter. 


PA1IA81TES AND PREDATORS 

In sjiite of th(‘ abundance of the lauin thrips and the liabit of the 
larvae of fi'cdiug gregariously and unprotect(‘d on the leaf surface, the 
numher or abundance of natural enemies is not gr(*at. We find repre- 
sentatives of six orders of insects, mites, and a nematode among the 
jiarasites and predators of Ilercoikrips fascia I us. Of tlu^ internal 
parasites there hav(‘ been disctovered to date only one hymenopteran, 
Thripoctenus russelli Cwfd., and a nematode; these are both jiarasitic 
on the immature forms only. No secondary parasites have as yet been 
re[)orted. 

The larvae, being ratluu’ sluggish in their movements and unprotected 
by a heavy exoskeh‘ton as are the adults, become the easy prey of their 
enemies. The adults, however, are not entirely immune from the attack 
of predators for, wlien the larvae are scarce, both the nymplis and 
adults of Grins %nst(hosus var. tristicolor White and the larvae of Aeolo- 
thrips fasciaius (Linn.) will prey upon the adult bean thri])s. This was 
observed more commonly in the laboratory than in the field, since the 
larvae are seldom reduced sufficiently in numbers, with the exception 
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of tlie spring* and fall, to induce a condition where tlie predators are 
forced to feed on the adults. 

In reviewing the literature on the Tliysano{)tera, we find listed as 
natural enemies: ladybird beetles— species of Megilla, and 

Ilippodamm ; of syrphid larvae — Syr^pkiis and SpMiU'rophijria sp. ; 
Chry^iopa spp. ; Oiiiis (Triphleps) spp., Anihocoru s]), ; several })re- 
daceoiis thrips — AeolothripH and Seolotkrips sp. As internal parasites, 
there have been listed Thripoctenifs s})])., and Tetrastichiis spj). In 
addition to the above-mentioned natural enemies, nematodes, fungi, 
mites, and s])iders are of minor imjKn-tance. 

In central California during three seasons, the writcn* has made care- 
ful observations in the fi(‘ld and some studi(‘s in the lal)oratory to dii- 
termine the relation between the bean thri[)s and certain insects com- 
monly found associated with it. Only one iiiternal parasite, ThripoctenuH 
rmsidli Cwfd., has been found; the remainder are ])redators chiefly 
n])on the immatiu-e forms and are the larva of Chrysopa calif or nica Co(|., 
Orias {Triplileps) insidiosas var. trisiicolor White, both adult and 
nym])h, the larva of llippodamia convergcns Guerin, the larva of 
Aeolothrips kuwanai j\Ioulton ([)redacious on eggs and larvae), and 
the larva of Acol()th rips fasciolas (Linn.). 

Adults of Orias irisHcolor were j)laced with bean thri])s wliich were 
confined in vials on prickly-lettnce leaves and obsei-ved over a pei’iod of 
weeks. Loth the nyni[)hs and adults attacked tlie smalhn* thrijis larvae 
first, then the larger ones and finally the adults if no larvae rmnained. 
This predator is veiy active and may hi* seen to run u[) to a thrips and 
stick its heak into the head, thorax, or abdomen with no apiiarent aim. 
The struggling victim is often held down by tlie fore feet of the antho- 
corid, gradually the l)ody of the lai'va may be seen to shrink and after 
5 to 20 minutes, according to tin* size of the larva, the pri'dator with- 
draws its rostrum and sets about cleaning its entire bod3\ If disturbed 
while feeding, Oriu-s will frequently run aliout or even fiy with a thrips 
larva im])aled on its needlelike beak. In the laboratory the adult jireda- 
tors consumed about one larva an hour and the nynijihs ap{)ear{*d even 
more voracious. Sakimura (11)20) reported that Orias iristicolor was 
predacious on the alfalfa thrifis FrankUniella occidenfalis (Ferg.) to 
the extent of 26 to 83 per cent at Greenwood, Utah. 

This antliocorid ajipears to prefer the larva of the common flower 
thrips to the bean thrips. However, since the flower thrijis liecomes 
greatly reduced in numbers during the hot summer weatlier, Orias is 
forced to feed U])on the bean thrixis in many localities. This predator 
winters over as an adult in rubbish and early in the sx)ring they may be 
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found feeding upon the larvae of the flower thrips. As the season pro- 
gresses both the adults and nymphs become more abundant, and the 
eggs may be found in small yellowish-white clusters on the leaves of the 
host supporting the thrips. In the middle of the summer the bean thrips 
serve as food, and then again in the cooler weather of the fall, as the 
population of flower thrips builds up again and the bean thrips begin 
to disappear, Oriua transfers its activities back to Frankliniella spp. 
The adult predators have lived as long as two weeks in confinement and 
the nymphal stage, during the summer, is about ten days. In certain 
localities this predator undoubtedly effects a considerable check on the 
infestation of bean thrips. 

The larvae of Hippodamia convergent Guerin and Chrysopa calif or- 
nica Coq. in the spring may be found preying upon the first Hercothrips 
fasciatm larvae appearing, usually on prickly lettuce, sow-thistle, or 
alfalfa. These two predators do not seem to seriously affect the thrips 
populations and are of no great importance as natural enemies. 

Of the predacious Thysanoptera two species have been found in tlie 
larval stage to prey upon the bean thrips. These two sj)ecies are Aeolo- 
thrips fasciatus (Linn.) and Aeolothrips kuwanai Moulton. Adults of 
A. fasciatus confined in vials with bean thrips in the laboratory and in 
cellophane cages on the host plants in the field have never been seen to 
j)rey upon the bean thrips in any stage. The large yellow larva of A. 
fasciatus^ however, are V(‘ry voracious and inflict considerable damage 
in colonies of bean thrips larvae in the spring. Under confined conditions 
both larvae and adults of llercothrips fasciatus are preyed upon. After 
the hot weather comes on, A. fasciatus can hardly be found. The larvae 
take two to three weeks to mature and, in the protection of curled leaves 
or debris near the host plants, they pupate. Very little is known further 
of the habits of this species. While it is common, no large numbers ever 
seem to be present and it is therefore not an important factor in reduc- 
ing the bean thrips. 

Likewise, the adult of Aeolothrips kuwanai has never been observed 
to prey upon the ])ean thrips either in the field or under artificial condi- 
tions. The long, slender, maroon-colored larvae, however, feed exten- 
sively on both eggs and larvae of Hercothrips fasciatus. On pears, 
prunes, and prickly lettuce, these predacious thrips larvae have been 
seen to walk about seeking the bean thrips eggs in' the leaf tissue, and, 
upon finding one, to sink its mouth cone into the slight swelling raised on 
the leaf surface by the egg and suck up its contents. These larvae occa- 
sionally found their way into life-history cages and no bean thrips 
larvae hatched from such infested cages. In addition to feeding upon 
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the eggs, they prey on the larvae but will not attack tlie adults. The 
pupae of Aeolothrips kiiwanai transform on the host plant in curled 
leaves, abandoned spider webs, etc. While this species also is rather 
common, it never reaches the abundance necessary to be an important 
predator and is seldom seen at the height of summer when the bean 
thrips infestations are most severe. 

The most important natural enemy of the bean thrips is probably 
the internal parasite T’hripocieniis rmselli. This parasite, a very minute 
chalcidoid of the subfamily Tetrastichinae, was first discovered by II. 
M. Russell at Compton, California, in 1910 (Russell 1911, 1912a), and 
was described the following year by J. C. Crawford. 

This parasite has not been studied in detail by the writer, but some 
interesting facts have been noted which add to what is already known 
of it. The adult parasites have been found during every rnontli in the 
year in the oi)en in association with the bean thrips. During the winter 
the adults have been found among the liibernating adults thrips on the 
under side of the leaves of various hosts. In the spring they are to be 
seen actively running about among the first generation of thrips larvae 
on prickly lettuce, filaree, sow-thistle, etc. During the summer they 
appear to be even mor(' scarce than in tlie sjuung, but in September and 
October with the falling off of the thri])s population there seems to be a 
sudden increase in the parasites. 

This parasite has been ol)served to oviposit in the larger larvae only, 
and the act of oviposition recpiired from 15 seconds to 4 minutes. On 
several occasions a parasite was seen to feed at the wound after ovi- 
positing. Eggs are deposited both in the thorax and abdomen of the 
thrips larva but usually at the side of the abdomen. Attempts to oviposit 
are many times unsuccessful owing to the violent struggling of the larva. 
Parasitized larvae usually molt to the prepupal stage but never reach 
the pupal stage. The length of the egg i)lus the larval stage of the para- 
site averaged about 7.5 days while the pupal period averaged about 14 
days during June and July, 1931. Adult parasites kept alive as long as 
5 days at 30° F constant temperature were capable of ovipositing upon 
removal. 

Russell (19127 j) wrote that the parasitism of IlefTothrips fasciatus in 
southern California ranged as high as 70 per cent. In central California 
the writer would estimate that there was, during the seasons of 1929- 
1931, very little over 5 per cent parasitism by Thripoctenus russelli; in 
fact, during June, July, and August, 1930, upwards of 10,000 thrips 
larvae were collected and counted and only 0.9 i)er cent parasitism was 
present. However, as was stated above, with the falling-off of the thrips 
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population and the apparent increase of x)arasites, counts taken in the 
fall would have shown a much higher percentage. 

It might be well to call attention to the fact that Bagnall (1913) 
reported T. russelli in England parasitic on Taeniothrips primulae, 
Physothrips atratHS, Plvysothrips criraey Oxythrips parviceps, Thrips 
i abaci, Thrips palvsfris, and Franlxliniella intonsa. Cotterell (1927) 
wrote of a new chal(od ])arasite of tlie cacao tliri|)s, Helioihrips rifhro- 
cincfa (Giard), and his report of the habits of the parasite leads us to 
l)elieve that it is Thripocierius rassdli or a very close relative. In addi- 
tion tlao'c is a report by Waterson (1923) of an internal chalcid para- 
site, Tetrastich }{s ihripophomis, of a thri))s (no species given) in Trini- 
dad, British West Indies. 

P\)nr s])ecies only of the suborder Tuhulifcra have })een reported as 
|)arasitized. Williams (1916) described a new s])ecies of chalcid parasite. 
Thripocfemis nuhiUpenyiis, taken from M egaloihrips spinosus and 
Cryptofhrips recta ngiilaris at Forest Hills, ]\Iass. Mason (1922) re- 
]nu*ted a new parasite, an undescribed species of the genus TetrasHchus, 
from Cryptoihrips laareli on bay trees in Florida. None of tliese ])ara- 
sites, e\'en though so closely related, Imve as yet been reported from 
H ercoihrips fasciatus or other memb(»rs of its genus. Barnes (1930) 
descrilx'd a new gall midge, Thripsobreniia llofhrips Barnes ((h‘cido- 
myidae), whicili is pr(‘dacious on Liothrips urichi Karny in Trinidad. 
He wrote “This midge, l)esides being interesting because of its struc- 
tural character, is not(‘worthy as being the second gall midge recorded 
as feeding on tlirij)s. The other species is A(lelgimyza ihriputiperda 
Del Guercio, which is predacious on Phloeothrips oleae Costa, in Italy. 
This species was described (1918 and 1919) from the female and is only 
lirovisionally placed in the genus AdclgimyzaP 

Concerning the remaining natural enemies of the bean thrills — nema- 
todes, fungi, mites and s})iders — little can be said definitely. Russell 
(1912/C wrote that Mr. P. R. Jones liad found a “nematode jiarasite 
working in the full-grown larvae of the bean thrijis” at Lindsay, Cali- 
fornia. Fungi have often been observed attacking thrips in all stages, 
])articularly under conditions of high humidity. However, the writer 
has never been able to diJermine whether the fungi attack the thrips 
while they are normally active or only after they have become weakened 
or have died. The latter is more probable. 

Only two sj)ecies of mites, Ilypoaspis (Laelaps) macro jnlis Bks. 
and Ajiystis agilis Bks. have been reiiorted from North America as 
prejdng on thrips. 
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Adult bean thrips are very frequently found dead in .sj)iders’ webs 
on the host plants but no detailed study has been made of this relation 
and its proportional im])ortanee among the natural factors in reducing 
this thrips. 


EFFECTS OF TEMPERATURE AND MOTS^l'URE ON THE 
LIFE STAGES 


Range of Activities of the Adult as Liniited hg Temperat are . — Tlie 
t(‘mperature range of various activities of the adult bean tlirips was 
determined by placing the insects in an air-conditioning cabinet and 
varying the tem|)erature at a constant rate of 1^' F in thr(‘e minutes. The 
liumidity was luvld at ()4 zt 4 per cent. The adults w(‘r(‘ co]lect(‘d from 
prickly lettuce and confined in glass tul)es with cellophane (aips over the 
upper end and pri(4vly-lettuce leaves w(‘re used as food, Tlie activities 
of the thrips were under continuous observation through the glass door 
of the cabinet, in om' series of ex|)ei*iments tlie temperature was lowered 
until all adidls became dormant and then raised again ; in another 
series, the temiierature was raiscai until the lethal jioint was reached. 
From ‘10 to 100 adults were used in each ex[)eriment. The “optimum^’ 
tempei-atures wma* considered to ])e those at whi(*h the gr(‘atest numbei* 
of individuals exhibited activity. No data were olitained on th(‘ tempera- 
tiire range in which ovii)osition takes plac^e since the bean thrijis does 
not ovijiosit readily inuhu* artificial conditions. No relative differences 
in the activities of the sex(‘s was noticed. (The males are at all times 
more active than tlie females.) The following tabulation gives a sum- 
mary of the timiperature range of various activities as detcnniiined 
under the above conditions. 



Temperature range 
of af'tivuty 

( )ptiniurr» 
temjJerature 

Feeding 

.58"F 114 "F 

77° F 90" F 

Copulation 

62° -110" 

80° -97° 

Hopping 

70° -118° 

No marked opUmun 

Crawling 

47° -120° 

No marked oiuimun 

Staggering 

117° -death 


Dorinanev 

- 45° 


Death 

118° -122.5° 



The above data indicate that the activities of the adult occur over 
a wide range of temperature. There apiiears to be a tendency on the part 
of tlie adults to cluster when the temperature a])proaclies that of dor- 
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maiicy but this activity was not considered marked enough to include in 
the data. The optimum temperature range of all activity is between 
and 90° F. The age of tlie thrips was not considered in making these 
determinations, and in determinitig the lethal point the factor of time 
of exposure was not weighed. 

Considerable variation among individuals was observed in the range 
of activities, but the figures presented are an index to the range of tem- 
perature in which feeding, sex activity, etc., take place. The limitations 
of activity as listed are not to be taken as inflexible since these experi- 
ments were conducted under artificial conditions. In the field, with its 
complex of environmental factors, marked variances would no doulit 
be found. 

Effect of T eniperatnre on Emergence of the Adult from the Soil . — 
During the period from June 20, 1930, to August 9, 1930, daily emer- 
gence records were kept on tlie number of adults emerging from beneath 
each of four h(‘avily infested prickly-lettuce plants which were kept 
under observation throughout the season. The plants were situated 
about 30 feet from the edge of a pear orchard. Closely woven wrhite 
cloths, two feet square, were fitted tiglitly around the bavse of the plants 
and were weighted down along the edges wdth fine sand. At 7 :00 a.m. 
and 5 :00 p.m. each day the clotlis were carefully rolled back and the 
newly emerged adults found clinging to the under side of the cloths 
were counted. (The adults were unable to penetrate the cloth or burrow 
out under the edges.) The mature larvae which had dropped from the 
plants onto the u])per side of the cloths were first counted, and later, 
after the newly emerged adults had been counted, were placed on the 
soil and the clotlis replaced. In this manner, over an area of 4 square 
feet beneath each plant, tlie daily emergence of adults was determined. 

Tlie infestation of thrips on these plants reached its maximum about 
July 11-15, and by the first of August the plants were flowering pro- 
fusely and the pojiulation dropped oil* rapidly as a result of the loss of 
succulence. 

A total of 3,542 adults was olitained from June 20 to August 9, 1930. 
Tlie greater percentage of the adults emerged between the hours of 
5:00 P.M. and 7:00 a.m. Of tlie total of 3, *542 adults counted, 2,705, or 
76.4 per cent, emerged between 5:00 p.m. and 7 :00 a.m. There is no 
marked difference in the sexes in this reaction since, of a total of 2,505 
females, 1,868, or 74.6 per cent, emerged between 5 :00 p.m. and 7 *00 a.m. ; 
and of a total of 1,037 males, 837, or 80.7 per cent, emerged between 
5 :00 P.M. and 7 :00 a.m. Not only do the totals of the daily counts during 
this period show this to be the case, but the individual daily records also. 
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The temperature of the soil at the surface apparently is an important 
factor and has a marked influence upon the emergence of tlie adults. 
During July and August, soil surface temperatures of 120^--140'' F 
during the day on unshaded areas are not uncommon and we have 
shown that such high temperatures are fatal to the adults ; also, we have 
shown that no pupae survive wdthin three inches of the soil surface if 
unshaded. It has been observed that when adults da emerge during the 
warmer parts of the day, they either succumb or immediately hop or fly 
onto the plants nearby and there find a temperature which is 20° -30° 
lower. On the other hand, the adults which emerge during the night, 
early morning, or evening do not so quickly seek the plants and remain 
resting quietly on the soil, crawl about slowly, and by a series of hops 
and flights reach the nearby plants. When such newly emerged adiilts 
are placed in the sun, they immediately become highly active and at- 
tempt to escape. It must ))e realized that often where the host i)lant is 
low or spreading, and thus sliading the ground, the lethal soil surface 
temperatures are seldom reacJied. Furthermore, the counts and observa- 
tions sliow that the majority of the adults enu'rge wdien the soil surface 
temperatures are su(‘h that they are enabled to safely gain the hosts. 

The daily emergence records of adults throughout the period from 
June 20 to August 0, 1930, were plotted against the daily mean tem- 
perature and the curves smootlied by taking a five-day sliding average. 
There is, liowever, not nearly so close a correlation with the fluctuations 
ill the mean temperature as was found in the case of the mature larvae 
dropping to the soil. 

Rate of Egg-Laying as Influenced hy Tenrperatnre . — Tlie influence of 
temperature on egg-laying proved to be a very difficult point upon which 
to obtain any accurate data. The leav(*s of various hosts, as beans, pear, 
lettuce, beets, etc., w^ere used, but none gave as good results as alfalfa, 
and it was found to be extremely difficult to make accurate counts of 
eggs in such a tyjie of plant. Trouble was also had in keeping the cut 
leaves fresh enough to induce oviposition. 

The information gathered on the effect of temperature on oviposition 
and the rate of egg-laying seems to be somewdiat contradictory. In the 
field, oviposition has continually been observed most frequently in the 
morning between 7 :00 a.m. and 9 .(K) a.m. and in the late afternoon. On 
the other hand, in the laboratory under controlled conditions the 
greatest rate of ovi])osition was found to obtain at 100° F, at wfiiich 
temperature, however, all activity is greatly increased. This seemingly 
contradictory evidence would indicate that other factors are of more 
relative importance than temperature. 
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In the experiment conducted to determine the effect of various con- 
stant temperatures on the rate of ovipostion the humidity was held 
constant at 40 per cent (witli a fluctuation of 4 per cent) in each case. 
Pear leaves were used as a host plant and were changed as often as 
necessary, according to the temi)erature. The leaves were inspected 
daily under a hinocuilar for eggs. The results are tabulated below: 


Number of 
fetiialea 

Duration of 
experitnent 

T einperature 
(deg. Fahr.) 

Total number 
of eggs laid 

40 

20 days 

60 

0 

40 

10 days 

70 

1 

40 

to dayH 

80 

9 

50 

10 days 

00 

1 

25 

1 2 days 

too 

65 


Longevity of the Adidi in Relation to Temperature , — The longevity 
of the adult bean thrips was determined at various constant tempera- 
tures and tlie results obtained secuu to approximate very closely the 
conditions found in the fi(‘ld. 

In this set of exp(uuinents an air-conditioning cabinet was used in 
wliich the tem])erature was held constant. IMie humidity was imld at 
40 per (i(‘nt at eacli t(mij>erature. At temi)eratur(‘8 above 50^’ F, pear 
leavers wei'c used as food ; and at temperatures ])elow 50 F, no food was 
necessai*y sinct^ tin* thri])s were inactive. (h)ld ciiambers in which the 
humidity was uiiconti'olled were employed in o])taining temperatures 
below 60'" F. The advdts held at low tem])eratuj*es were kept in shell vials 
and removed and counted twice a day — about five minutes l)eing neces- 
sary for th(‘ survivors to warm up and become active enough to be 
separat('d from tlie dead. Table 4 lists the results. 

TvVBLE 4 

L()N(iEViTY OF Adult Bf:Aisr Tmrli’s at (joNSTAXT 

'J’F.M PKRATUliKS 


Number of adults 

Tempera- 
ture (deg, 
Fahr.) 

1 

Average length 
of life 

Number of adults living 
maximum lime 

Males 

Fettialeft 

Males 1 

Females 

17 

64 

10 

57.0 hours 

0 

7 

101 

267 

30 

104,6 hours 

2 

17 

14 

45 ; 

32 

66 2 hours 

0 

5 

36 

69 

40 

267.0 hours 

3 

! 13 

20 

60 

50 

67.7 hours 

0 

6 

29 

45 

62 

72 0 hours 

0 

7 

0 

10 

70 

15.0 days 

0 

2 

30 

94 

100 

7.0 days 

0 

16 
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For inactive or liibernating* individuals there appears to be an opti- 
mum survival tem})erature of about 40° F. Constant temj)eratures 
below freezing* produce 100 per cent mortality in 2-4 days. However, 
when held at temperatures above that which produced complete dor- 
mancy and l)e]ow that producing normal activity, without food, the 
adults survive no more than days. Then again, with food, higher 
temperatures (i.e., 100° F) shorten their life as is usually the case when 
m(4abolism is markedly increased. Tlu‘ maximum length of life of 15 
days was ol)tained at 70° F. 

In central (hilifornia temperatures of 40° F and below are not nor- 
niall}^ ex])erienced over any ])eriod of days and, under natural condi- 
tions, the hibernating thrips could no doubt easily survive much lower 
tem])(‘ratures for a few hours. There are no data from laboratory 
ex|)erinients to support a comparison of the longevity of adults at con- 
stant and fluctuating temj)eratur('s. However, since the b(‘an tbri])s is 
found in certain sections of Idaho and Utali liaxing much lower mean 
winter tern peratun's tlian central California, it s(‘ems reasonable to 
bfdieve that the adults can withstand much Ioavcu' tem|)eratures than 
tli(*s(‘ constant-temperature (‘xp<‘riments indic'ate. Thei*(‘ is no informa- 
tion on the ])Iace or maniuM* in which the adults hibernate at high alti- 
tudes or in localities where s(*ver(‘ winter conditions obtain. Wlnm they 
do survive, it is doubtless in ('xtiamiely well protc'cted situations and 
there is prol)ably very high mortality. 

Effect of Tonperaf lire on the Inivvol Siof/e . — The atmospheric tem- 
])erature is one of the most important factors in the ch^velopnumt and 
rate of gi-owth of tlu' b(‘an thrips larva. Sev<‘ral w(h4vs are necessai’y for 
th(‘ developimmt of the larva in the spring and fall when th(» mean 
tem|)eratures are consid('rably 1ow(m* than during the suiniiHU*, at which 
time the larval stage lasts only 10 days or less. 

Newly emerged larvae and larvae that had just c(miplet('d th(» first 
molt were used in tlu'se exjierinumts. Tin* larvae* were obtained from a 
supply reared in the laboratory on jiear and beau l('av(‘s as well as from 
firickly lettuce in the field. The rearing cage composed of a glass tube*, 
cellojihane cap, etc., as describeel jireviously, was useel. Pe*ar leaves were 
used as food, and some diffietulty was exjierienceel in keeping the leaves 
fresh at high temperatures. The* glass tubes anel leaves were inspected 
daily under a binocular for molted skins. The cabinet alone was em- 
pleiyed in these exjieriments and the humidity was he*ld constant in each 
case at 40 per cent. The results of these experiments are presented in 
table 5. 
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TABLE 5 

Effect of Temperatuke on the XjARVal StaOe 


N umber 
of mature 

Temperature, 
(deg. Fa hr.) 

Average length of inatars, 
days 

Average 
length of larval 

I*er cent 
total 

Average 

mortality. 

larvae 

First 

Se(3ond 

stage, days 

development 
per day 

per cent 

60 

60 

18 0 


15 0 

33 0 

3 3 

67.0 

60 

70 

5 4 


8.2 

13 6 

7 4 

31.6 

65 

80 

5 0 


4 0 

9 0 

11.1 

1 21.6 

35 

90 

4 3 


3 8 

8 1 

12 3 

52.4 

45 

100 

3 0 


2 0 

5 0 

20.0 

81.5 


The lowest average mortality of 21.5 per cent occurred at 80° P and 
would perhaps indicate that this temperature is the most favorable to 
larval development. 

The rate of develof)ment of the larva, as was true of the i)Ui)al stage, 
increased directly witli an increase in the tem})erature. The theoretical 
zero point of develojnnent is at al)out 50° P (fig. 6, 7^). In this grai)h, 
which illustrates the per cent of total development i)er day of the larva, 
the straight line is fitted by averaging the three lower points and the 
two upper ones and drawing the line through the points thus determined. 
The curve in figure 6, A was fitted to the length-of>stage curve by merely 
reading oft* and plotting the values from the straight line (fig. 6, /?) ; for 
example, at 80° P the percentage of total development per day is 10.5 
per cent and it would thus take the larAui 9.5 4 days, theoretically, to com- 
plete its development while the exjierimental figure is 9 days. The rate 
of development is expressed after the manner used by Parker (1930). 
The circles represent the experimental data and the crosses the theoreti- 
cal figures. 

With these data, as with tlie data on the effect of temperature on the 
pu])al stage, in the “reciprocal growth curve^’ (Sanderson and Peairs, 
1913) a straight line was fitted to the per cent curve (fig. 6, 7?) and the 
corresponding hyperbola fitted to the length-of -stage curve (fig. 6, A). 

Effect of Temperature on the Dropping of Mature Larvae from the 
Host to the Soil. — It was observed from daily counts taken from July 20 
to August 9, 1930, that the majority of the mature bean thrips larvae 
dropped from the liost to the soil between 5 p.m. and 7 a.m. Heavily in- 
fested prickl 3 r-lettuce plants were the source of the counts, and cloths 
were spread beneath them to make the collection of the mature larvae 
possible. Counts were taken daily at 7 a.m. and 5 p.m. 
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Of the total of 9,143 larvae counted over this period, 7,658, or 87 |)er 
cent, dropped to the f?roiiTKl between 5 p.m and 7 a.m. There was a 
downward trend in the daily counts as the result of tlie maturing of the 
host and the subsequent decrease in the thrips’ population. 

In order to determine more specifically during which hours the 
largest number of larvae drop to tlie ground, counts were taken every 
2 hours for a 24-hour period. 
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When the counts are represented graphically (fig. 7), it is more 
clearly seen that the largest number ot* mature larvae dropped to the 
soil between 6 p.m. and 10 p.m. and tliat a second and miuih smaller peak 
was reached between (> a.m . and 10 a.m. From tliis, it ap})ears that there 
was either an o})timum atmospheric temperature between 65^" and 75° P, 
at which the greatest number of mature thrijis dropped from the host or 
a diurnal rhythm in respect to this activity. Tlie soil-surface tem])era- 



7//??^ of Da^- 

Fig. 7. Nuiiihi'r of matun^ larvae (lro]ij>ing to the soil over a 24-hoiir ])(>ri<)d with 
atino.splioric and soiJ-surfaco tonip(*ratar(‘s for |)eriod. 

lures are givevn to show that at the time the majority of the larvae drop, 
ti?m])eratures lethal to them are not |)rt^sent at the surface of the ground 
and that suflicient time elajnses for tlumi to find a suitable [)lace for 
|)Ul)ation befori* the lieat l)ecom(*s too great. 

Effect of Temperal lire on the Pupal Stage . — Temperature plays a 
most im])ortant ])ai*t in influencing pupation, both as to the length of 
the stage and the rate of develo])ment, as well as the mortality occurring 
during this ])eriod. 

The constant tiunpei-atures from ()()° F to 11 (F P were obtairual with 
an air-conditioning cabinet i!i whicli tin* humidity was held constant at 
40 ;±: 4 ])er cent throughout the (ex])eriments. The constant temperatures 
below ()0° F were obtained by the use of cold chaml)ers in which the 
humidity could not be regulated. The mature larvae were collected in 
the field from the to]) of cloths s])read beneath prickly-lettuce plants. 
The larvae weia^ placed in vials and a cap of cellophane (No. 300 per- 
meal)le) was stretched over th(‘ open end and held in place by an elastic 
band. The vials were examined daily and every few hours at the higher 
temperatures, under a binocular. The data obtained are given in table 6. 
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TABLE 6 

Efi^ect of Temperature on the Pupal Stage 


Number 
of mature 
larvae 

Tempera- 
ture (deg. 
Fahr.) 

Average 
length of 
prepupal 
period, 
days 

Average 
length of 
pupal period, 
days 

Average 
length of 
prepupal and 
pupal 
periods, 
days 

Per cent 
total 

development 
per day 

Average 
mortality, 
per cent 

50 

28 



_ 

0 0 

100 0 

316 

30 






0 0 

100 0 

60 

40 




0 0 

100 0 

60 

50 

12 0 



0 0 

100 0 

75 

60 

9.5 

14 0 

23 5 

4 2 

94.0 

80 

70 

16 

9 3 

10 9 

9 1 

78 6 

100 

80 

1.0 

3 0 

4 0 

25 0 

50 0 

75 

90 

0 9 

2 4 

3 3 

30 3 

50 0 

108 

100 

10 

18 

2 9 

34 4 

65.7 

60 

110 

0 8 



0 0 

100 0 


The rate of develo])nierit is ex])ressed aft(‘r tlie inaniier used by Parker 
(19)t0), that is, as tlie ])ercenta^e of a total develo])ment of the stage 
eonipleted in one day of 24 hours. For example, if 5 days are required to 
cornpJete the pupal stage at 85^^ F tlie rate of develo]Hnent at 85“ is 20 
per eent of the total development i)er day. Tlie length of the stage 
plotted against the temiierature giv(‘s a typic^al growth curve (fig. 8, A), 
When the percentage of total development per day is ])lotted against the 
temperature (fig. 8, />), the same type of curve is obtained as that 
termed a ‘‘reciprocal growth curve’’ by Sanderson and Peairs (1913). 

It should be kept in mind that the bean thri|)S pipiates in the soil and 
that soil temperatures arc' mucli more constant tlian atmospheric tem- 
])eratures. 

Prom the results it is apjiarent that the rate of development of the 
])upal stage increased directly with the temperature, from 60“ to 100“ F. 
Aliove and below this I’ange 100 per cent mortality resulted while the 
lowest mortality prevailed equally at 80“ and 90“ P. 

Depth of Pupation in the Soil and the Effect of Soil Temperatures (m 
Pupation . — A careful inspection of soil beneath pear trees heavily in- 
fested with bean thrips revealed pupae, i^repupae, and mature larvae^ 
at a depth of 3 to 6 inches. They were found in niches and cracks of the 
clumps of dirt, singly, and sometimes clustered togetlier. The questions 
were then raised : how deep into the soil do the larvae make their way 
and is there an optimum depth which they seek? 

Experiments were carried on both in the field and in the laboratory in 
an attempt to answer these questions. In all the experiments glass tubes 
with an inside diameter of %g i^^ch were used. Tubes of lengths from 4 
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to 15 inches were employed and individual tubes were filled entirely 
with fine or coarse soil particles or with a piece of roughly twisted string. 
The purpose of using the string was to serve as a support for the larvae 
in crawling downward, to insure an unobstructed path, and also provide 
suitable places in which to pupate. In all cases the tubes were placed 
vertically and cotton plugs were used at both ends. Mature larvae were 
collected in the field and introduced at the upper end of the tube. When 
the larvae were thus confined, the de|)th to which they crawled could be 
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measured, the number of larvae pupating at each depth counted, and 
the number of adults emerging recorded. 

Fifty mature larvae were introduced into each of two tubes 6 inches 
long, one filled with fine, closely packed sand and the other with coarse, 
irregularly distributed particles of soil. These tubes were placed upright 
on a laboratory table and then covered to shut out the light. There was a 
high mortality among the group of larvae pupating in the fine sand. 
Five days later only 11 adults emerged from the tu])e containing sand, 
l^rom the other tube which contained coarse soil, five days after the 
mature larvae had chosen their place of pupation, 31 adults emerged. 
This experiment was repeated several times and the results were the 
same in every case ; i. e., the larvae could not penetrate the fine sand and 
there was a very high mortality; and, also, the larvae will crawl down 
among the soil particles until they reach an obstruction, whether it be 
y 2 y 1, 2, 3 inches, or more, at which point they will pupate. 

Twenty prepupae were placed in a tul)e containing coarse soil and 
then oi)served. The prepu])ae, not being so active as the larvae, did not 
attempt to crawl down to the extent that the larvae did and came to rest 
in the first agreeable place that offered itself. No ])repu|)ae reached a 
depth greater than inch. 

Two tubes, one 10 and the other 15 inches in length, wuth a piece of 
loosely twisted string running the entire length, were also employed. 
Fifty larvae were introduced into each tube. The majority of the larvae 
in each tube found their way to the bottom and there pupated in small 
groups in folds of the string. A few individuals were distributed the 
entire length of the tubes. The indication from these observations is that 
the mature larvae will crawl down until they find a place to their liking 
in which to pupate, irrespective of the depth, unless they meet with some 
obstruction. 

In the orchard e-inch glass tubes of 5, 10, and 15 inches in length 
were used. These tubes were buried vertically with the upper end of the 
tube level with the soil surface. Either coarse soil or string was used 
within the individual tubes. As in the laboratory the larvae were found 
to make their way down to 15 inches depth or until their path became 
obstructed. Likewise, larvae were also found distributed the entire 
length of the tubes. Fifty mature larvae w^ere used in each case and the 
experiment was repeated several times during July and August, 1930. 

The outstanding observation was made that in no ease did larvae 
attempting, or forced, to pupate within about 3 inches of the soil surface 
during these months, survive. 



514 


Bilgardia 


[Vol. 7,No. 12 


A. Smith (1929) has shown that soil surface temperatures of 120*^ F 
are common during the summer months at Davis, California, and that 
at 3 inches below the surface temperatures of 90°-95° are fairly con- 
stant during tlie day. Thus it is not strange that bean thrips pupae 
seldom survive above in a depth of 3 inches in unshaded areas. Below 
this depth the mean daily soil temperature is considerably lower and 
subject to irmcli less fluctuation which would i)rovide a very suitable 
condition for pupation. It must be kept in mind, however, that where 
the soil is shaded by low or spreading plants that such lethal soil tem- 
peratures do not prevail and that pupation is possible very near to or 
even on the surface of the ground. This actually does occur, for pupae 
have been found in debris on the soil surface in dense stands of prickly 
lettuce. 

Effeci of Hiiniidity on the Bean Thrips. — As is often the case in ex- 
perimental work, it y)roved to be much more difficult to obtain data upon 
the effect of humidity than upon the effect of temperature on the insect. 
Also, normal activity seems to occur over a wid(‘ range of humidity, and 
it is only the condition of extreme dryness or of very high humidity 
that produces any marked effect on the various activities of the bean 
thrips, A high humidity is apparently unfavorable to this insect. Also 
it is in the summer when the rainfall is |)ractically nil and in those 
localities where a minimum atnios[)heric humidity obtains that this 
thrips works its greatest damage. 

Bange of Activities of the jididt as Limited by Hum/idity. — In deter- 
mining the effect of humidity on the activities of the adult the air- 
conditioning cabinet wuis again employed and the insects were confined 
in vials on prickly-lettuce leaves in the same manner as was described 
above. No fewer than TOO thrips were used in each set of experiments. 
The temperature was held constant at 89° F, which temperature favors 
all activity, and the wet-bull) temperature raised from 60° F to 88° F 
(giving an increase of relative humidity from 13.5 to 97.5 per cent) at 
the rate of V rise of the wet-bulb temperature every 5 minutes. The 
^h>ptimum” humidity, as was the case with optimum temperature, was 
considered to be the range in which the largest number of individuals 
were active. No oviposition took place during this series of experiments 
and no differences of note were observed in the activities of the females 
as compared with the males. In the tabulation below will be found the 
approximate limitations of tlie various activities. 

It is apparent that humidity does not play sucli an important part in 
the activities of the adult thrips as does temperature. The humidity 
range within which the various activities were observed to occur is ex- 
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tremely wide. The optimum atmosplieric humidity for tins insect 
appears to be somewlia.t less than 40 per cent, but in no ease are the 
liinits of activity so clearly marked as in the case of temperatures. This 
statement is based upon observations made in the field in addition to 
laboratory experiments. 



Range, per (?ent 
relative humidity 

Optimum range, 
per cent 

Feeding 

31.0-82.0 

31.0-68 0 

Copulation 

13 6 97 5 

13 5 31 0 

Hopi>ing 

13 5-93 0 

13 5 31 0 

Crawling 

13,6 93.0 

l-Iiiiform through- 
out range 


No deaths occurred on the part of any of tlie adults used in these 
experiments at either extreme of humidity. However, w4ien the humidity 
was below^ 15 per cent all inviduals w ere Juglily active and more or less 
erratic in all their movements. On the otlier hand, when in a highly 
saturated atmos])iiere they became ra flier sluggish and exhiliited no 
great activity of any nature. 

Effect of llumidily on the Egg, Larva, and Pupa . — The egg more than 
any other stage in the life liistory requires a high and uniform liumidity. 
As w^as stated al)ove, the egg is deposited in the leaf tissue and in tliis 
environment it is constantly suri’ounded by a high humidity. It has 
l)(HUi noted that w4ien the water balance of the host ])lant is upset and 
])lasmolysis results, the eggs within the leaf tissiu' fail to hatch. In addi- 
tion to the loss of whaler, the shrinking tissues tighten around the egg 
and doubtless prevent hatching in event the embryo matures. Wlien eggs 
were deiiosited on the h^af surface or even ui)on the wall of a vial, as has 
hapiiened in the laboratory on several occasions, they slowly shriveled 
U]) and never hatched. The (Vhorion is very delicate and when thus ex- 
posed desiccation ])roved fatal. 

Experiments conducted under controlled conditions indicated there 
was ap])arently no effect on the rate of develojunent of the larva in the 
range from 22 to 60 per cent relative humidity (the temiierature being 
constant at 90'^' and 100"" E). Such a variation in liurnidity might have 
some effect at lower tem])eratures, but it is very doubtful. The average 
length of the first larval instar at 100° F was three days botli at 22 and 
at 60 per cent relative humidity, and the average length of the second 
instar was two days. At a constant temperature of 90° F, and at both 
22 and 60 per cent relative humidity, the average lengths of the first 
and second larval instars were 4.3 and 3.8 days, respectively. In addition 
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to there being no noticeable change in the rate of development or length 
of instars there was no apparent effect of a 38 per cent change (22-60 
per cent) of humidity upon the feeding or general activity of the larva. 

Under normal conditions the atmospheric humidity does not play a 
direct part in the environment of the pupa and the matter of moisture is 
governed by the percentage of moisture in the soil. No attempt has been 
made in these studies to determine the effect of soil moisture upon the 
pupa but a small amount of data has been obtained upon the effect of 
various constant humidities. 

Constant humidities of 22, 40, and 95 per cent were obtained with an 
air-conditioning cabinet and the temperature was held constant at 
100° F in each experiment. The mature larvae were collected and con- 
fined in the manner previously described. Fifty larvae were used in 
each experiment. The average length of prepupal i)eriod was one day 
and for the pupal period two days at all humidities. The average mor- 
talities at 22, 40, and 90 per cent humidity were 50.0, 65.7, and 61.0 per 
cent, respectively. 

Humidity had very little effect on the length of the pupal stage at 
100° F, and the variation in the percentage of mortality at the different 
humidities is not particularly significant. 

Another type of experiment was tried in which %(;-ineh glass tubes 6 
inches in length were filled with coarse dirt and plugged with cotton at 
both ends. Mature larvae were introduced at one end and were allowed 
to seek out suitable ])laces in which to ])upate. The tubes were then 
placed upright in a shallow dish of water. The water rose slowly, saturat- 
ing the soil and thoroughly wetting the mature larvae and prepupae. 
Puddling the soil resulted in tra})])ing many individuals in droplets of 
water and thoroughly coating them with mud. The majority of those in 
direct contact with water died in about 24 hours and began to disin- 
tegrate rapidly while many others were attacked by a fungus. A total 
of 120 mature larvae were used and by the end of six days all were dead, 
only 12 transforming to the prepupal stage. 

Resistance of the Adult to Submergence in Water , — The adult bean 
thrips is somewhat resistant to submergence in water and can remain 
alive for as long as one hour when completely submerged. Some experi- 
ments were conducted to determine the resistance of the adults to 
water. Ten adults were placed in each of six vials which were filled with 
tap water and inverted. The thrips were observed to crawl around on 
the bottom and up and down the sides of the vials while completely sub- 
merged. Small bubbles of air clung to the hairs of the body and to the 
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wings. They gradual ly became weaker and siicenmbed — two individuals 
surviving as long as one hour under water. The adult thrips swims 
readily on the surface by fanning the wings and moving the legs and 
could easily gain tlie sides of the vial or petri dish and clamber out 
unless forcibly submerged in some manner, so in the above experiments 
a layer of cotton was placed on the surface of the water. 

In addition to tlie above eixperiments tlie adult bean thrips were 
studied in the field during a drenching rain. The l)eating action of the 
rain appears to l)e responsible for the heavy mortality that occurs in the 
field after a storm. A driving rain washes the adults off the leaves onto 
the ground. They can also be found dead, adhering to the wet leaf sur* 
face and actually in drops of the rain water remaining on the plant. If 
thoroughly wet, the wings become stuck together and cannot be ex- 
tended until they are dried. When in or on the ground a thrips adult 
quickly becomes eml)edded in the mud or crushed by the shifting and 
settling of the soil particles. 


SUMMARY 

The bean thrips was first collected in Yulia County, California, in 
November, 1894. Its original home is unknown. 

The known distrilnition records include Mexico, Brazil, China, and 
the following states in North Amei*ica : California, Nevada, Idaho, 
Arizona, Texas, Louisiana, Alabania, Florida, and South Carolina. 

The primary injury done by Hercothrips fasciaiiis is the extraction of 
fluids from the host plants which, in nonirrigated localities and at high 
temperatures, results in the rajiid desiccation of the injured tissues. 

The host list includes many native ])lants and crops. The favorite wild 
host is tlie jirickly lettuce, Ijactuca scariolay and the crops most com- 
monly injured are beans, cotton, and pears. 

Winter is passed in tlie adult stage chiefly on the under side of leaves 
of plants remaining green and offering protection. 

The method of re[)roducti()n is both bisexual and parthenogenetic ; 
fertilized eggs produce females and unfertilized eggs males. The normal 
sex ratio of females to males is about 2 to 1. 

About the last of March the overwintering adults migrate to prickly 
lettuce, sow-thistle, etc., and two generations are usually passed on these 
native hosts in April, May, and early June. During midsummer a gen- 
eration is completed in about three weeks. There are, then, from April to 
October, six or seven generations, according to the monthly mean tem- 
perature. 
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With the drying-up of tlie native vegetation the bean thrips is forced 
to seek new food plants and thus about the last of June, or in early July, 
crops become infested. 

The eggs are inserted in the plant tissue and a])pear as minute bumps 
on the leaf surface. The larva has two stages, molting but once on the 
host. Upon maturing, the larva drops to the ground and seeks a suitable 
niche in the soil in wliicli to pupate. Tlie depth of penetration depends 
on the type and structure of the soil. The mature larva after molting 
enters a short prepupal stage in which the wing stubs become visible. 
The prepupa molts and tJien enters tlie true pupal stage. In the prepupal 
and })upal stages the insect is mobile but takes no food. After casting 
the pupal skin the sexually mature adult, fully winged and pigmented, 
finds its way to the surface via the openings in the soil. The hosts are 
gained by short hops and flights. 

During the summer months, in central California, the length of the 
egg stage is about 7 days, the first and second larval stages together are 
about f O days, and the pupal forms pass aliout 5 days in the soil. The 
preoviiiosition period is about 3 or 4 days. 

The natural mortality of the immature stages is about 60 per cent. 

There is only one known internal insect jiarasite of the bean thrips; 
namely, l^hripocteniis rnisselli Cwfd. The chief jiredator is Orius in- 
sidiosus var. iristicolor White. Aside from these, the other natural 
enemies have little affect on the normal thri|)S population. 

The adults are active between about 50'' F and 117^ F, the optimum 
range of activity being between 75^ F and 90" F. 

The rate of develoi)ment of the larva, as is true of the pupal stage, 
increases directly with an increase in temperature. The theoretical zero 
point of development is at about 50" F. 

The majorit}^ of the larvae drop from the liost to the soil at a time 
when tem})eratures lethal to them are not present at the surface of 
the ground. 

Pupae seldom survive in the soil in unshaded areas if they have not 
penetrated at least 3 inches beneath the surface. 

The relative humidity range of adult activity is very wide; the 
o])timum appears to be somewhat less than 40 per cent. 

Both pupa and adult are comparatively susceptible to drowning. 
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INTRODUCTION 

The higli })erceiita^e of spoilage which occurs in figs grown for drying 
has been the sul)ject of much investigation. It is generally recognized 
that this trouble originates internally in the hollow, fleshy body of the 
fig. (fig. 1 ) while it is still on the tree in an immature state. In California 
three specific types of spoilage are distinguislied by growers and ))ackers 
of figs. These are popularly designated as ‘^smut and mold,'’ ‘‘souring/’ 
and “endose{)sis.” “Smut” is often considered as a distinct disease. All 
of these are caused by common saprophytic microorganisms which in 
some manner are able to invade the central cavity of the fruit previous 
to its maturity. I'he i)ossibility of control of spoilage in figs is closely 
tied up with the question of how and when these molds, bacteria, and 
yeasts get into the fig. Of j)articular importance is the problem of the 
relation of insects to the transmission and effects of these organisms. 

The disease called endosepsis has not been considered in the present 
work since its etiology and epidemiology M^ere thoroughly established by 
Caldis (1927), who showed that this particular type of spoilage affects 
only caprified (pollinated) figs, that it is caused by the fungus Ftisarium 
nioniliforme Sheld., and that it is transmitted exclusively by the fig- 
caprifying (pollen-carrying) insect Blastophaga psenes L. The types of 
spoilage regarding the transmission of which there is still uncertainty 
are the others above-mentioned, smut and mold, and souring. The former 
trouble is characterized by the presence inside the ripe fig of a mass of 
moldy material, representing various fungus types like Alicrnaria, 
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Fig 1 Stages of fig development Nos 1 to 4 (From Bui 387 ) 
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Aspergillus, Cladospormm,Hormodendricm,Macrosporium, and PemciU 
Hum, ''Smuf' is the name specifically applied to the type of fig spoilage 
caused by the black fungus Aspergillus niger v. Tieg. It is in nowise 
different from the other types of molding except for its characteristic 
appearance. Souring is a wet, gassy fermentation of the contents of the 
fig, supposedly caused by certain yeasts. “Soft rot,’' a decay of figs on 
the tree, caused by species of Rhizopus or Mucor is also a rather typical 
form of spoilage which is sometimes fairly abundant. 

Previous Work on Fig Spoilage. — Newton B. Pierce, as early as 1892, 
suggested the relation of cryptogamic microorganisms and insect carriers 
to fig souring. Eisen (1901) came to similar conclusions and was the first 
to call attention to the jiossible function of the eye of the fig as a barrier 
to insects and microorganisms entering the interior cavity. Howard 
(1901) and Condit (1919) also suggested insect transmission of fig 
souring. Condit (1917) and Hodgson (1918) mentioned a similar 
possibility in the ease of fig smut. Coit (1921), on the other hand, 
expressed the opinion “Inasmuch as the atmosphere is filled with spores 
of many kinds of yeasts, molds, smuts and bacteria, and since the eye 
of the Smyrna fig is open, it is unavoidable that these agents gain access 
to the interior of the majority of the figs.” 

In all the work referred to, the idea of insect transmission had to do 
with scavenger insects, particularly the dried-fruit beetle {Carpo- 
philus) and the vinegar fly {Drosophila), both of which are very 
common in ripening figs and decaying fruit. Phillips (Phillips, Smith, 
and Smith, 1925) undertook the first comprehensive investigation of 
the subject l)y means of cultures and systematic laboratory methods. 
Second-crop Adriatic figs were classed into ten successive stages of 
maturity, based on the opening of the eye, and the interior of large num- 
bers of figs of each stage was examined. Tlie particular object of this 
work was the study of the smut disease. The examination of nearly 
10,000 figs in this investigation was made, mostly with the hand lens and 
microscope, for the purpose of detecting the earliest development of 
Aspergillus. Only a comparatively small number of the figs were cul- 
tured before the opening of the eye. Prom this study it was concluded 
that A. niger is not present in figs until after the eye opens (stage 5, 
fig. 2) and the fig is nearly mature. 

When green, immature figs with closed eyes were inoculated with 
spores of the smut fungus, very active infection and decay resulted. 
This was found to be true in the Mission and Kadota fig varieties as well 
as in the Adriatic. Since, under natural conditions, figs in the early 
stages are not attacked by these mold fungi and since those of the 
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Mission and Kadota varieties are practically never affected, the conclu- 
sion was again drawn that spores are not present in figs before the eyes 
open. These investigators also found that if the internal tissues of the 
fig were injured, as with a needle or pipette, in the process of inoculation, 
infection was more apt to result. 

On the basis of all this work Phillips, Smith, and Smith (1925) con- 
cluded that “Under summer conditions in the San Joaquin Valley, 
before the eye of the Adriatic fig opens and the fruit begins to soften, 
the interior cavity is sterile and neither smut spores nor any other 
organisms enter. Since a large percentage of the immature figs were 
not cultured the word “sterile’^ is apparently used here in a comparative 
sense to indicate freedom from tissue-destroying fungus colonies visible 
to the eye or microscope, rather than absolute sterility. In mature figs 
after the eyes had opened (stage 5, fig. 2) the fruit from some trees 
showed as high as 50 per cent infection with Aspergillus niger. Many 
figs which were cultured after the eyes opened showed a considerable 
variety of fungi, Aspergillnsy lihizopuSy AUernaria, Cladosporiumy 
PeninUiuniy Hormodendruniy various species of yeast, and a number of 
forms of bacteria. From rather circumstantial evidence it was concluded 
that the usual carrier of spores of A spergillus and other microorganisms 
into ripening figs after the eye opens, is the dried-fruit beetle (Car- 
pophilus). In a previous article (Smith and Phillips, 1922) the state- 
ment is made that “Ants, fruit flies and beetles are aide to make their 
way into very green figs with closed eyes, but of course the major part 
of these visitations occurs after the fruit becomes attractive to them.’' 

Caldis (1927) re]7orted culturing 274 figs of eight parthenocarpie 
varieties previous to the opening of the eye (stages 1-3, fig. 1), and 
found them all sterile. Of these figs, 154 were of the Adriatic variety, 
67 of these being first crop and 87 of the second crop. By caging 
Carpophilus beetles on ripening figs on the tree, Caldis found that of 
54 figs confined in 7 cages with beetles, 50 per cent soured ; while of 663 
figs in 128 cages with no beetles, none soured. This work was done in 
two different seasons and in two places. 

Hansen (1929) first suggested the importance of thrips as vectors of 
fig-spoilage organisms and the possibility of their introducing infections 
before the opening of the eye. In several thousand hard, green figs of 
four varieties, collected from various parts of California in May, 1928, 
slightly in excess of 20 per cent were found to be infested with thrips. 
Pigs collected at this time would be of the first crop which ripens in 
June. Commercial drying figs come entirely from the second crop and 
commence to form in May and to ripen in August. In 1929, thrips were 
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again found by Hansen to be common in immature figs. Concerning the 
cryptogamic flora of the thrips-infested figs collected in May he reports 
“The interior of 200 of the figs showing evidence of insect invasion were 
cultured individually on nutrient media to determine their cryptogamic 
flora. Each of the 200 thrips-infested figs yielded one or more of the 
following organisms : various species of bacteria, Rhizopus spp., Asper- 
gillus spp., Penicilliuni spp., Fusarium spp., Verticillium spp., Spicaria 
sp., Hornwdendrum spp., and a number of yeasts.** The 10 figs showing 
no evidence of insect invasion yielded no cryptogamic flora in culture.” 
Smith and Hansen (1931) state that “Culturing of thrips taken from 
figs has repeatedly given the same results, namely, that they carry an 
abundant flora of yeasts, bacteria, and mold fungi.” They also cite 
several instiinees of crops of figs which showed a high percentage of 
smut and mold, correlated with an abundance of thrips in the figs, but no 
beetles. The thrij)s yielded in culture the same flora found in the figs. 

Smith and Hansen also directed attention to a new vector of fig-spoil- 
age organisms, of the type known as predaceous mites. Several s])ecies 
of these almost inieroseopic creatures are now known to be common in 
the interior of green figs where they apparently |)rey u})on the fig mite 
{Eriopkyes fid Ewing). Smith and Hansen showed l>y cultures that 
the bodies of predaceous mites taken from overwintering eaprifigs were 
contaminated with the same molds and other organisms that are carried 
by thrips. 

Hansen and Davey (1932) studied in more detail the relation of 
thrips and ])redaceous mites to cryptogamic infestation of figs. Green, 
second-crop Adriatic figs were taken at various maturity stages from 
the hazelnut size u|) to tlie time when the eye scales begin to loosen. This 
was done in four difl’erent fig districts at intervals of 4 to 7 days between 
July 1 and August 15, 1930. All the figs were split open and examined 
for insect infestation. 

In regard to cryptogamic infestation, the following statement is 
made : “During the progress of this examination mites and thrips taken 
from the interior of the figs were cultured on nutrient agar from time 
to time to determine the abundance and diversity of flora carried by 
them. . . . The cryptogamic flora . . . on mites and thrips cultured in- 
cluded the following species named in the order of the frequency of their 
occurrence ; Miscellaneous fungi, bacteria, Hormodendrum spp., Asper- 

4 We arc able to state from personal knowledge and information that the easts’^ 
referred to in the work of Hansen and assoeiatea with thrips and predaceous mites 
were yeaatlike fungi, not those forms which cause fermentation and souring in figs. 
These yeastlike fungi form a membranous, wrinkled, dry surface growth on solid 
media. 
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gillus spp., Penicillium spp., A lternaria spp., Rhizopm spp., Acrostalag- 
mus sp., and a few yeasts^'^ The figs themselves were not cultured in this 
work ; the exact dates or fig stages at which the mites and tlirips were 
cultured is not stated but the inference is that it was all before the eyes 
were open. 

In the same work Hansen introduced a new technique to determine 
the time when figs become infested with microorganisms. ‘'In order to 
show the effect of maximum infestation of mites and thrips and, at 
the same time exclude larger insects (mainly Carpophilus hemipteriis 
and Drosophila ampelophila) from entering the figs, the following ex- 
periment was devised. During August lO-lb the still uno])ened eyes of 
1,557 Adriatic figs were effectively sealed by placing on the eye scales 
of each a small dab of Tanglefoot ])reparation. Bueh treatment did not 
appear to injure the fruit in any way, as it develoiied and matured in 
normal manner and season. The treated figs were allowed to mature on 
the trees and were not collected until they had drop})ed to the ground, 
after which they were taken to the laboratory, split open, and examined 
for smut and molds. As control, 400 mature figs were picked from the 
ground under surrounding trees and examined likewise.” These figs 
were not cultured. Of the figs which were sealed before the eyes opened, 
1().6 per cent contained visible development of molds. 

Varietal Eelations. — The fact has frequently been mentioned in the 
literature that tliere is a decided difference in the susceptibility of 
different varieties of figs to these diseases. In particular it has l)een 
stated, and from common knowledge may lie accepted as true, that the 
Mission and Kadota varieties are usually immune or free from smut 
and. mold, and souring, whereas tJie Adriatic and Calimyrna are com- 
monly affected with these troubles. The reasons for tiiis difference need 
further study and miglit throw light on the present problem. It has been 
commonly assumed tliat the lesser opening of the eye of the Mission and 
Kadota figs is responsible but in the light of [iresent knowledge this 
explanation is not well supported. Pliillips, Smith, and Smith (.1925) 
found that Mission and Kadota figs were very susceptible to smut 
(Aspergillus) when artificially inoculated with the fungus. 

Discmsion of Previoiis Work, — In the basic work on the epidemiology 
of fig spoilage carried out by Phillips, Smith, and Smith, by Caldis, and 
by Hansen and Davey, several questions stand out as being of funda- 
mental importance. Some of them are: (1) To what extent is the en- 
trance of microorganisms into the interior of the fig dependent upon 
insects and what are the species concerned? (2) Is there any other mode 


8ee footnote 4, page 528. 
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of entrance ? (3) What is the importance of the eye of the fig in relation 
to infection? (4) When are the various spoilage microorganisms intro- 
duced into figs? The conclusions of the various workers mentioned seem 
to be at variance on some of these points. Phillips, Smith, and Smith, 
and Caldis are in essential agreement that the interior cavity of figs 
remains in a sterile condition until it is entered by insects ; that insects 



Fig. 3. Jiitprior of noarly mature. Caliraynia fig, twice enlarged, at tlie stage when 
ripening begins and pulp is about to soften and liquefy. It is at this stage that decay 
and souring begin. The whole problem of fig spoilage depends upon knowing what 
organisms cause this, when and how they get into the fig, and how they may be kept 
out or their development prevented. (From Bui. 506.) 


are the pirincipal if not the sole carriers of infection ; that the dried- 
fruit beetle is the usual vector of the organisms wliich cause smut and 
souring, as well as of various other fungi; and that, since this insect 
seldom enters figs until the eye opens, the infection is not introduced 
until that time, previous to which the fig cavity is sterile. The fact that 
Caldis actually cultured 274 immature figs and found them all sterile is 
difficult to reconcile with some of the facts and conclusions of later 
workers. These workers (Hansen and Davey, 1932) conclude that ‘‘The 
major part of smut and mold loss is due to cryptogamic organisms 
carried into the green figs by predaceous mites and thrips long before 
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the eye scales begin to loosen/^ and that “The presence of C. hemipterus 
and D, ampelophila is not at all necessary for the occurrence of this type 
of spoilage.’^ 

An examination of the data and methods given by the various workers 
discloses several factors which might account, to some extent at least, 
for discrepancies in their results. Conditions may have been actually 
dilferent in different seasons. Phillips, Smith, and Smith worked in 1921, 
Caldis in 1923, 1924, and 1925, Hansen and others in 1928, 1929, and 
1930. The studies were also made in several different places. There was 
some difference in the variety and crop of fig studied. At least eight 
different kinds of figs were used by the various workers and the figs 
were partly of the first crop and partly of the second crop. The examina- 
tion of figs for evidence of infection was made in jiart by tlie naked eye, 
by the microscope, and by means of cultures. In culturing the interior 
tissues of figs subsequent experience has emphasized the fact that the 
exact method of sampling the flesh is of much importance. Referring 
to figure 3, which illustrates the interior of a nearly mature fig in the 
condition in which it is cultured, two facts are of particular significance. 
(1) The method by which the fig is opened or split and handled may 
affect the possibility of contaminating the inside with organisms from 
the surface or atmosphere. The various investigators whose w^ork is 
discussed state that tlie figs w^ere “splitf^ “o])ened,” “cut in two” or 
merely that the interior was cultured. (2) The exact region or ])ortion 
of the flesh which is sampled for culturing might affect the results. 
Whatever may be the time or method of inoculation the probability can 
scarcely be doubted that entrance is made through the eye of the fig. If, 
therefore, in one case the cultures were made from a small portion of 
pulp from the l)asal region of the cavity, farthest from the eye, and in 
another ease from tissue near the eye or even including portions of the 
eye and eye scales, it may readily be seen that the results might be very 
different. In the ])revious literature most of tlie information on this' 
point is vague or entirely lacking, but it is known that there was con- 
siderable variation in the methods used. It a])pears therefore that in 
order to obtain comparable results in this work a uniform or standard 
technique should be adopted on these and all other important details. 

New Work . — The present work was intended to determine more com- 
prehensively and accurately than has been attemiited heretofore the 
occurrence of insects, mites, and cryptogamic microorganisms in figs 
throughout their period of development, and endeavor to explain some 
of the apparent discrepancies in past work. The problem was attacked 
in two ways : first, by following the progress of insect infestation and 
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cryptogainic flora in the developing fruit by observation and cultures ; 
second, by the application of methods directed at the exclusion of insects 
and microorganisms from the inside of the figs. 

The observations to be reported were made during 1932 almost en- 
tirely in a block of eight acres of Adriatic figs in the Tuttle district, 
Merced County, The trees were on heavy clay soil underlain at a depth 
of 2 or 3 feet by material of a more open consistency and gradually 
changing to sand at a depth of about 5 feet. A boring at the eastern 
boundary showed the w^ater table in August, and continuously there- 
after until the end of September, to be at a depth of 9 to 10 feet. Irri- 
gations had been made in May and again on June 15. The foliage 
remained green and the trees appeared not to siiflfer to any marked 
extent for want of soil moisture until the crop had l)een harvested. Figs 
used in this work came almost altogether from 24 trees. The material 
examined for infestation, and that of which the eyes were sealed, was 
produced on two blocks of 9 trees, each comprising 3 trees in 3 adjacent 
rows in different parts of the orchard. 

MICROORGANISMS FOUND ON (TTLTURING DEVELOPING 
FIGS IN RELATION TO INSECT INFESTATION 

Meihods . — In attempting to determine their fauna and cryptogainic 
flora, uncaprified second-crop Adriatic figs were gathered from the 
trees at various stages of development for examination and culture. 
Since on the fig tree there is a continual formation of new fruit through- 
out the summer it is possible to obtain specimens of the same stages or 
states of maturity over a period of several weeks, after those stages have 
once been reached. Theoretically, therefore, the various samples of 
stage 1 gathered at intervals from June 20 to August 6 (table 1) would 
all be of the same age. The same would be true of the different batches 
of each of the other stages. Actually, however, it is coneeival)le that the 
later batches of each stage might contain some older, more slovfiy devel- 
oped figs than the earlier samplings. Five more or less critical stages of 
development from the standy)oint of disease infection were chosen. Thus 
stage 1 included figs in which the eye scales were tightly closed and 
the texture was hard. Stage 2 included figs in which the eye scales had 
pulled slightly apart in the growth of the fruit but still did not give an 
uninterrui)ted passage to the central cavity. Such figs while firm in 
texture were somewhat softer than those selected as representing stage 1. 
These stages correspond with those of the same numbers of Phillips, 
Smith, and Smith (1925) (fig. 1) . Stage 3 included figs in which the eye 
was distinctly open providing clear access to the central cavity ; at the 
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same time the fruit was firm and smooth in outline although yielding 
slightly to pressure of the thumh in picking (stages 4 and 5, figs. 1 
and 2). Stage 4 included figs which presented a more or less wrinkled 
exterior. In these the eye was distinctly enlarged by the drying of the 
eye scales so that the maximum opportunity was given either insects or 
organisms to be carried to the interior (stage 6, fig. 2). They still re- 
tained their green color. Stage 5 included figs which had dried to a 
considerable extent upon the tree sufficiently to become thoroughly 
yellow. The later sainpJes of stages 1, 2, and 3 were obtained from more 
vigorous trees in another section of the orchard owing to the lack of late 
figs in the area under observation. Only figs which appeared sound were 
taken, tlms eliminating in the later stages a large number of figs which 
had become infected with the trouble called souring and undoubtedly 
reducing materially the numlier of figs in which causative organisms 
or vectors associated with that trouble were present. 

The samples after being collected were taken to the field laboratory 
at Planada, aliout three miles distant, where they were examined and 
plated the day on whicli they were gathered. In making the examination 
each fig was first wijied off witli a cloth soaked in 95 ])er ccuit alcohol. A 
shallow longitudinal cut was made with a sterile scalpel through the 
stem, and the fig split by j)ulling the halves apart. Examination of the 
interior for insects was then made V)y the use of a bi-objective binocular. 
The florets were then cut out with a sterile scalpel and placed in petri 
dishes. Referring to figure 3, tiie technicjue adopted as standard was to 
remove all the florets as completely as possible, including the tissue at 
the base of the eye closely enough so that an occasional eye scale from 
this point was taken with the sample. Upon each petri dish was iHHJorded 
the kinds of infestation discovered in tlie examination. Melted standard 
potato dextrose agar was then poured from flasks over the fig tissue in 
each plate, endeavoring to distribute the florets as evenly as possible 
tlirough the medium. It was not possible, liowever, in every case to, 
distribute and submerge all the florets in the agar so perfectly as to 
insure positively the development of every spore or microorganism 
which might be present. The plates were then stored at the compara- 
tively high summer temperature of the San Joaquin Valley until the 
observations were completed. Record was made of the number of insect- 
infested figs and of the kinds of insects observed, but not of the number 
of individuals in each fig. The cryptogamic organisms which developed 
from the figs were identified, at least as to genera, as accurately as possi- 
ble, giving particular attention to those of possible i)athoh)gica] signifi- 
cance. The numl)er of colonies was not recorded. 
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Results , — Under the conditioin? described the results cannot be ex- 
pected to be of absolute accuracy. Most of the insects recorded are of 
a free-moving character and some might easily have entered and left 
the figs before the observations were made. Others are small and a few 
individuals might have been overlooked, especially since it was necessary 
to manipulate the fig as little as possible on account of the subsequent 
culturing. Although no record was attempted of the number of indi- 
vidual insects in each fig, it was evident that, in the case of predaceous 
mites especially, there was much variation in this respect. This may 
have affected the degree of infection with microorganisms. Since each fig 
before culturing had to be split open and examined for insects in the open 
laboratory a considerable chance of contamination could not be avoided 
and it is probable that this sometimes occurred. Since, however, figs of 
different stages were usually being cultured simultaneously a check on 
air-borne contamination was provided and it is not believed that this 
was a serious source of error. To a considerable extent also the char- 
acteristic flora of the figs was different from that of tiie room. As a 
rule it is probable that the results for microorganisms were too low rather 
than too high, for the reason noted above relating to the difficulty of 
thoroughly distributing and submerging the fig material in the culture 
medium. This would a|)ply especially in the early part of the season 
when the number of spores per fig was small. It is to be exf)ected, how- 
ever, that determinations made by culturing the figs will be liigher and 
reveal more kinds of organisms than those made by simply examining 
the figs with the eye or microscope. Many spores or latent infections 
might be present in the figs which would never develop under natural 
conditions but come to light only in the culture plate. Table 1 gives the 
data of the entire experiment with the number and percentage of figs in 
each batch found infested with insects (which are listed in separate 
columns) and the same data for the cryptogamic flora. No attempt was 
made to record the amount or location of contamination in individual figs. 

The figures under “Figs with fig mite'' indicate that these were 
abundantly present in figs of all stages from the beginning of the 
observations up to the latter part of August. A large percentage of the 
figs examined from mid-July to the end of August showed extensive 
damage to the florets as a result of this infestation. From then on the 
mites noticeably decreased in figs of all 5 stages, indicating possibly that 
they begin to leave the fruit at that season. 

“Predaceous mites," so far as the data show, were comparatively 
scarce in the figs until late in June but by September 1 were present 
in practically all green figs. As the figs ripened these mites apparently 
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left them. According to notes not included in the table it may be stated 
that early in June the predaceous mites were present in the fruit in 
much lesser numbers as well as in a smaller percentage of the figs than 
later in the season. In the eaidier cases often only a single mite or at 
most only a few were found per fig, while later, when the eyes opened, 
a pronounced increase was apparent both in the number of figs infested 
and the number of predaceous mites found in each fig. The mites were 
of two or more species but no attempt was made to identifj^ them or 
record their relative abundance. Smith and Hansen (1931) give some 
information regarding the species of such mites found in figs. 

Thrips were not found abundant in figs at any time during the season. 
Compared with the figures of Hansen (1929) for 1928 and 1929, and 
those of Hansen and Davey (1932) for 1930, it appears that there is a 
wide variation in the occurrence of thrips in figs in different places and 
seasons. Here again, as with predaceous mites, several different species 
were concerned but their identity or relative abundance was not deter- 
mined. Hansen (1929) and Smith and Hansen (1931) discuss this, 
mentioning six different species of thrips found in figs. The few cases 
of thrips found in this work w^ere scattered tlirougliout most of the 
season. Fewer thrips were observed in figs the latt(^r ])art, wliich appears 
to be the rule except in the case of one species, the black thri[)s of bean 
and cotton {Heliothrips fasriatus Perg.). This species is often found 
very abundantly in green figs late in the fall. 

The dried-fruit beetle was never found abundantly, l)ut all the in- 
festation occurred after August 20 and only in figs in which the eye 
was open. The same was true of the vinegar fly, which occurred even less 
frequently. Both the beetle and fly may have passed into and out of some 
of tlie figs without being observed or recorded. The fact also that only 
sound figs were examined, those showitig signs of spoilage being rejected, 
must have eliminated many which contained or had been entered by 
beetles and vinegar flies. 

The data under the heading, ‘"Sterile figs” represent only figs which 
gave no growth in agar plate cultures containing most of the interior 
portion of the fig. Although these figures show considerable fluctuation 
(due partly perhaps to difficulties of technique) they seem to display 
certain well-marked trends. In general the figs (stage 1) cultured during 
the month of June appeared to be nearly all sterile, after which figs with 
closed eyes (stage 1 and stage 2 in j)art) showed an average contamina- 
tion with microorganisms of about 50 per cent. Of the open-eye figs of 
stage 3, about 25 per cent remained sterile until September, after which 
nearly all developed a cryptogamic flora. 
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The figures given under the heading “Pigs with smut fungus’’ show 
a small, scattering but definite occurrence of Aspergillus niger in sound, 
closed figs of stage 1 from the beginning of the observations. Of the 946 
figs which were cultured less than 2 per cent developed this fungus. In 8 
of the 17 batches all of the figs were free from the smut fungus and 
only one fig with Aspergillus was found in each of three other lots. In 
stage 2 (eyes commencing to open) the smut fungus was found in a 
small but rather uniformly increasing percentage of the figs. In stage 3 
(eyes open) smut showed a very marked increase, becoming even more 
pronounced in stages 4 and 5, where more than 50 per cent of the figs 
contained this fungus. These, it may be repeated, were all selected, sound 
figs which showed little if any smut development. 

Under “Figs with other molds” are grouped together the f ungi which 
cause visibly moldy figs {Alternaria, Cladosporiuni, Hormodendrum., 
Macrosporiumy and Peuicilliuni) . The situation here showed an almost 
total absence of these fungi from figs during most of June, a small per- 
centage of contaminated figs during the first part of July, and a pro- 
nounced increase occurring about the middle of July. The most mature 
figs up to this time were all of stage 1, having tightly closed eyes. After 
July 16 the percentage of figs containing these mold fungi did not 
increase significantly in figs of any stage, even those with open eyes. 

“Figs with Ehizopus and MucoP^ showed a very light and scattering 
occurrence previous to the opening of the eye, a marked increase at that 
time (stage 3) and some further development in the later stages. 

Under “Pigs with miscellaneous fungi” is included a variety of forms 
which have no known significance in fig spoilage. Most of them are of 
the yeastlike fungi referred to in the footnote on page 528, together with 
species of Aerostalagmus. These forms constitute a rather characteristic 
flora in green figs. The data show that the miscellaneous fungi were 
present very early in a considerable percentage of green, closed figs and 
that the percentage increased after the opening of the eyes. 

“Figs with souring yeasts” includes forms of Mycoderma, Pseudo- 
saccharomycesy Hanseniay and Pichia which were found associated with 
typical fig souring. Such yeasts were entirely absent from all the figs of 
stage 1 and the first three batches of stage 3. Two figs of stage 2 were 
found to contain souring yeasts. About the middle of August these 
organisms began to appear commonly in figs of stage 3 and, in the last 
batch examined on September 16, were found in over 50 per cent of the 
fruit. No figs showing visible souring were included in the samples. 

The figures for “Pigs with bacteria” include several types which were 
fairly constant in most of the cultures but which, so far as known, are of 
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no primary imi)ortanee in fig spoilage. These organisms appeared to be 
the first to invade green figs. They were j)resent in 50 per cent of figs of 
stage 1 soon after July 1, following the earlier period when most of the 
figs were sterile. 

Conclusions and Correlations from Examinatum and Culturing of 
Figs . — The results reported in table 1 suggest some fairly definite con- 
clusions as to the epidemiology of fig-spoilage diseases. The high per- 
centage of sterile figs found during June indicates that there was a 
period at that time of year when the interior of young, closed figs was 
comparatively free from microorganisiris. Gradually, however, con- 
tamination took place until, after July 1, less than 50 per cent of figs in 
the same stage of development (stage 1) were sterile. Figs of stage 1 
continued in about this degree of contamination throughout the season. 
The earliest contamination consisted of a rather specific flora of bac- 
teria, yeastlike fungi, and certain other miscellaneous fungi which never 
cause visible injury to figs. Regarding insect vectors of this early con- 
tamination three possible agents may be considered: fig mites, pre- 
daceous mites, and thrips. The fact that figs of stage 1 (eye tightly 
closed) were nearly all sterile during June and at the same time all 
heavily infested with tlie fig mite, confirms previous conclusions that 
this mite is not a carrier of microorganisms (Phillips, Smith, and Smith, 
1925, p. 32 ; Smith and Hansen, 1981, p. 28). ^'Predaceous mites,’’ so far 
as these data show, were present in very few figs when the first two 
batclies of stage 1 were examined, but the percentage of infestation 
materially increased during the })eriod (June) when most of these figs 
of stage 1 were still sterile. Of the 60 figs examined on June 27, for 
example, 28, or 88.4 per cent, were infested with predaceous mites; but 
54, or 90 per cent of the same figs were sterile. On June 28, 60 similar 
figs were examined and 15, or 25 per cent, showed predaceous mites, yet 
all but one (98.3 per cent) were sterile. The mites in individual figs 
were fewer in number at this time than later and it may be true also, 
that they had not as yet penetrated the interior of the figs very exten- 
sivel}^ Attention may also be directed to the showing of Hansen and 
Davey (1982) that of 226 })redaeeous mites cultured by them, 122, or 
48.5 per cent, were free from cryptogamic organisms. It is not unlikely 
that the percentage of infection of the mites, or in other words the 
abundance of mold spores, may be less in the earlier part of the season. 
Unless some of these factors are significant it is difficult to reconcile the 
low percentage of cryptogamic infection in figs of stage 1 in June and 
the high infestation with predaceous mites at the same time, with the 
idea that these mites are important vectors of spoilage organisms. Thrips 
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were jjresent in such small and irregular numbers that no conclusions 
could be drawn as to their importance. 

The next striking development was the marked increase in molds 
which took place in closed figs (stage 1 ) after J uly 15. No correlation of 
this with any insect vector is apparent, unless it be the increased abun- 
dance of predaceous mites in individual figs, a difference in the species 
present, increase in their cryj)togamic contamination, or more extensive 
penetration of the inside of the figs. 

The small amount of smut present in figs of stages 1 and 2 might be 
correlated with predaceous mites or, to a slight extent, with thrips. 
The large and sudden increase of Aspergillus and Rhizopus which 
occurred early in August in figs of stage 3, followed closely by the devel- 
opment of souring, correlates with the time of the opening of the eye of 
the fig, the ripening of the first figs, and the appearance in numbers of 
the dried-fruit beetle. No evidence is afforded, however, as to whether 
there was any connection between these events or if it was merely a 
coincidence. Vinegar flies were not sufficiently abundant to justify any 
conclusions. The conclusion of previous workers that thrips, predaceous 
mites, and fig mites are not vectors of souring yeasts is supported by the 
results given in this tal)le. The nonsouring yeasts or yeastlike fungi 
previously mention by Hansen, by Smitli and Hansen, and by Hansen 
and Davey as being carried by thrips are included here under “Miscel- 
laneous fungi.” Of the true souring yeasts {Mycoderma, Pseudosaccha- 
romyces, Hamenta, Piehia) not a single colony developed from the 946 
figs of stage 1 in which fig mites and predaceous mites were abundant. 

The older figs of stages 4 and 5 are ])robably of no additional signifi- 
cance. At the latter stage the fig commences to dry, the infection period 
is passed, and the high concentration of sugar in the fig makes it no 
longer a favorable medium for the growth of microorganisms, or for the 
insects which attack green figs. To such causes, and the fact that all figs 
showing si)oilage were rejected, is probably due the apparent decrease 
of infection in the later stages. 
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EXPERIMENTS IN EXCLUDING INSECTS 
AND MICROORGANISMS 

Sealing the Eyes of Figs . — The use of Tanglefoot to seal the eyes of 
figs has already been mentioned (Hansen and Davey, 1932). In the 
present work this method was used on four trees and on a inueh larger 
number of figs than before. The sealing was carried out at two ])eriods : 
figs with closed eyes on two trees were sealed between June 22 and June 
25, and those on two other trees between July 28 and August 4, hoping 
at the early period to forestall the infestation by predaceous mites. 
Examination of green figs at about the first time of sealing, however, 
indicated that a considerable percentage was already infested (see table 
1) by the time the sealing was completed on June 25. The figs were 
allow^ed to mature and fall, and were gathered from the ground about 
once a week. A number of unsealed figs from tlie same trees, together 
with the croj) from two adjacent trees were picked up at the time by way 
of controls. All of these trees, as described on page 532, were adjacent 
to those from wiiich the figs w^ere taken for culturing (table 1). In 
making the examinations of the figs and in reporting results, all with 
broken seals w^ere carefully segregated and reported separately. The 
figs were not cultured but simply examined for sx)oilage. Consecpiently 
most of the miscellaneous fungi and all of the bacteria reported in 
table I, as deternaned by culturing the figs, would fail to be detected 
in these figs. The i)ercentages of smut, lihizopusy and otlier molds would 
also be expected to be lower here than in the exi)eriments where the figs 
were cultured. In the latter case the ])resence of a few spores would be 
responsible for a record of the fungus, while, in the method uscid here, 
visible growth and spoilage in the fig was required. In so far as simple, 
microscopic examination of tlie growdh within the fig could determine, 
the molds were assigned to the same groups as in tal)le I. 

Results . — The results obtained in this experiment are presented in 
table 2. Tlie tables gives the figures for the crop of each tree, considering 
separately the figs in which seals were intact, those with broken s(‘als, 
those on the same trees not sealed, and figs from adjacent trees on wdiich 
none were sealed. In regard to smut it will be noted that on all the trees 
the percentages in the unsealed figs were very much greater than in the 
fruit which had been sealed. On trees I and 2 on which the figs were 
sealed early, less than 2 per cent of the figs with unbroken seals de- 
veloped smut, wliile the average of unsealed figs was more than 10 
per cent. Similar figs sealed later on trees 3 and 4 averaged about 3 per 
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cent smut while the percentage in the unsealed was much higher. These 
results indicate that there was a small and slowly increasing percentage 
of smut infection in the figs before the eyes opened, but that the great 
bulk of the infection entered after the opening of the eyes. In the case 
of other molds, on the contrary, it appears that tlie maximum amount 
of infection took place early in the development of the fruit before the 
opening of the eye, and could have had no relation to the entrance or 
exclusion of insects as large as the dried-fruit beetle. In fact, the sealed 



Fig. 4. Tent over fig tree to exclude insects. 


figs show a decidedly greater percentage of spoilage by mold tlian those 
with open eyes. This may have been due to increased humidity within 
the fig. Khizopus was present in very small amounts in these figs, both 
sealed and unsealed. No souring took place in the figs with sealed eyes 
and only a very few of the control figs were sour. 

Screening of Trees . — In 1922 an experiment was undertaken by 
Phillips, Smith, and Smith (1925) in which two large Adriatic fig trees 
were screened from infestation by the dried-fruit beetle by tenting 
them over with unbleached muslin. Such a measure was effective in 
keeping out the insect but a large amount of molding occurred on the 
exterior of the fruit. Dried-fruit beetles were introduced into one of the 
tents but apparently failed to enter the fruit upon the tree. 

In 1932 a similar experiment was conducted in the present investiga- 
tion. The exterior molding of the fruit was avoided by permitting freer 
air movement through the selection of smaller trees and the use of more 
open material as a screen. Six trees were selected. Pour of these were 
completely enclosed on sides and top with a screen (fig. 4) of absorl)ent 
gauze (cheesecloth) which had a denseness of weave of 14 threads to 
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the inch. A floor of unbleached muslin was provided and fitted closely 
around the tree trunk, the whole structure being made as tight as 
possible. The dimensions of these tents were : sides 12 feet, height 9 
feet. Two other trees were similarly screened except that no top was 
provided ; the sides were 12 feet in height. All figs approaching ripeness 
were removed before screening with the object of precluding any chance 
of infestation with dried-fruit beetles. The construction of the screens was 
completed between July 80 and August 2. On August 11, 70 sour figs 
containing adult beetles and larvae were placed in a shallow granite 
dish within a 50-pound lug box. The lug box contained a layer of soil 2 
to 3 inches deep, was loosely covered by brown wrapping paper, and the 
whole introduced within the screen over one tree. The crop on the trees 
was allowed to drop and was not gathered until August 21, when the 
figs were removed from the floor and the trees were stripped of any 
fruit on the branches. 

Results . — Table 3 shows the numbers of smutty and moldy figs, sour 
figs, and figs infested with the dried-fruit beetle in the crop from each 
tree, including the two adjacent unscreened trees (Nos. 5 and 6) which 
have already appeared in table 2. It will be seen that the i)ercentage of 
smut in the figs from screened trees, which are believed to have been 
entirely free from dried-fruit beetles, ranged as high as in those of 
unscreened trees; and the screened tree into which beetles were intro- 
duced ranked next to the lowest in amount of smut. The amount of mold 
also showed no relation to the presence or absence of beetles. Souring 
occurred on screened trees only where beetles were present within the 
screen. On sucli trees l)eetles were discovered in l)oth normal immature 
figs and figs already sour. 

Ants as Carriers of Fig-Spoilac/e Organisms . — The j^resence of black 
ants in numbers on fig trees drew attention to them as possible carriers 
of fruit-spoilage organisms. It was noted that many trees were badly 
infested with ants while others were apparently free from such infesta- 
tion. The crops of 8 infe^sted and 8 uninfested trees were therefore 
sampled, 100 mature figs being taken from the ground beneath each tree. 
Table 4 gives the results of this experiment. 

Results . — The figures show that spoilage troubles were almost identi- 
cal in the crops from ant-infested and noninfested trees and that the 
dissemination of these troubles can probably therefore not be attributed 
to this agency. 



Hilgardia 


[Vol. 7, No. 13 


54t) 


DISCUSSION 

The results obtained by the three different lines of attack upon the 
problem of the epidemiology of fig spoilage are essentially in agreement 
and suggest a number of conclusions in relation to previous work and 
ideas on this subject. 

Sterility of Immature Figs . — The former conception of the epidemi- 
ology of fig spoilage was based largely upon the following hypotheses, 
first formulated by Phillips, Smith, and Smith (1925), that (1) ‘Tn the 
climate of the San Joaquin Valley, the interior cavity of Adriatic figs 
usually remains sterile until it has been entered by insects.’^ (2) “The 
smut fungus is usually carried into figs by insects, of which the dried- 
fruit beetle, Carpophilus hemipterus (Linn.) appears to be the most 
important.” (3) “Indications point to the dried-fruit beetle as being 
also an important carrier of some other forms of decay.” (4) “Figs 
become infected with smut when they are still on the tree, just at the 
time when the eye opens and the fruit begins to soften.” The work of 
Caldis (1927), (1930), supported this point of view. Subsequently, the 
work of Hansen (1929), Smith and Hansen (1931), and Hansen and 
Davey (1932) established the fact that a considerable percentage of the 
figs which they examined were not sterile previous to the opening of the 
eye and presumably could not have been inoculated with organisms 
introduced by insects as large as the dried-fruit beetle. These investi- 
gators directed attention to thrips and predaceous mites as possible 
vectors. 

The present work establishes very plainly the fact that many figs are 
not sterile just previous to the opening of the eye, and that closed figs 
may gradually become contaminated during the growing season. In 
table 1, for example, the 946 figs which reached stage 1 and were 
examined and cultured at intervals during June and July indicate a 
gradual progress from 100 per cent sterile in those which were of this 
stage of maturity early in June, to less than 50 per cent in those which 
reached the same stage of development about August 1. It is noticeable 
that much of this early contamination, and practically all of it previous 
to about July 15, was due to bacteria and the organisms listed as miscel- 
laneous. This flora was a characteristic one and did not indicate hap- 
hazard, air-borne contamination. As to vectors, it may be assumed that 
the figs of stage 1, table 1, had not been entered by dried-fruit beetles, 
and the same is nearly as positive concerning the figs with sealed eyes, 
in table 2, and those in the enclosed cages, in table 3. It therefore seems 
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safe to conclude that Carpophilus is not the sole carrier of eryptogamic 
infection and that if a living vector is involved it must be of sufficiently 
small size to penetrate the closed eye of the fig. According to the data in 
table 1 the fig mite (Eriophyes), and various species of predaceous 
mites and thrips are possibilities in this connection. The fig mite as a 
possible carrier has already been practically eliminated by previous 
work of others and by the data in table 1 where figs 100 per cent heavily 
infested with fig mite were practically all sterile. Thrips cannot be 
excluded as x)otential carriers of infection, but during the season when 
this work was done they did not seem abundant enough (table 1) to 
account for much of the eryptogamic flora. Predaceous mites seem then 
to be the only remaining possibility, since, with the amount of work 
which has been done upon the fauna of green figs, it is doubtful if any 
other important vector has been overlooked. Allusion has already been 
made (page 539) to the situation which was found (table 1) in figs of 
stage 1 near the end of June, when almost all were sterile as to crypto- 
gamic flora and yet from 25 to 40 per cent were infested with predaceous 
mites. Although a plausible explanation of this condition has been 
suggested, it is still evident that final and complete proof has not yet 
been established regarding insect transmission of fig-inhabiting micro- 
organisms. 

Smut . — In this work it seems to l>e clearly shown that the idea of the 
dried-fruit beetle’s being the sole vector of fig smut {Aspergillus niger) 
is no longer tenable. Table 1 shows definitely that a small percentage of 
figs wliich had never been entered by this or any other comparatively 
large insect contained the spores of this fungus.^' Prom tliis table it 
appears, however, that the percentage of figs entered by the smut 
fungus was very low until after the fruit had reached that stage of 
maturity when the eyes open and ripening began, whereupon a very 
large increase in the percentage of invasion took place. The coincidence 
of this with the entrance of tlie beetle naturally suggests a connectiori 
between the two events and from the data in table 1 alone it might easily 
be concluded that Carpophilus is the principal vector of smut. Table 3, 
however, seems to show very plainl}^ that when the beetle was entirely 
excluded from figs by screening the i)ercentage of smut develo})ed was 
just as great as in fruit which was fully exposed to this insect. If it be 
assumed that the x)ossibility of the beetle as a i)rimary carrier of smut 

Onc^ fig of stage 2, in which the eye was still practically closed, contained a beetle, 
and Smith and Phillips (1922) record finding a few cases of ants, beetles, and flies 
in green closed figs. These cases are too exceptional to seem of any significance in the 
present connection. 
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is eliminated by these experiments, then the fact of the presence of 
Aspergillus spores in closed-eye figs may be looked upon as a similar 
situation to that which has just been discussed in regard to miscellaneous 
fungi. Predaceous mites seem to be the only carriers which could have 
been extensively involved but it cannot yet be said that the ease against 
them is a complete one. It is not entirely impossible that the small num- 
bers of thrips present in closed figs might have had some significance 
regarding this early smut infestation. The fact of the increase of Asper- 
gillus in figs with open eyes (tables 1 and 2), taken with the showing in 
table 3 that excluding the Carpopliilm beetle did not prevent this, might 
be taken to suggest that the opening of the eye provides access to the 
interior of the fig for large numbers of Aspergillus spores from the 
atmosphere. It is, however, also true that the i)opulation of predaceous 
mites and fig mites and the injury to fig tissue by the latter are all at 
their height at this time and other complicating factors no doubt exist. 
Further work is needed upon this important point. Phillips, Smith, 
and Smith (1925) reported negative results from their limited experi- 
ments on air-borne infection. It should of course be remembered that 
the figures in table 1 are based on cultures and represent figs all of 
which appeared to be sound and free from visible smut, while the figs 
listed under ‘‘Smut” in tables 2 and 3 showed visible development of 
the disease. There is considerable uncertainty, therefore, as to how 
much significance the late-entering, abundant invasion of oi)en-eye figs 
by Aspergillus spores has in the develoi)ment of visible smut or com- 
mercial spoilage of this type. 

Other Molds. — In the figs from which the figures presented in table 1 
were obtained it is fairly definite that the fungi which cause what is 
commonly called “mold” (Alternaria, Ilormodendrum.^ Cladosporium^ 
etc. ) became abundant in closed figs of stage 1 about the middle of July, 
but were not present during the first part of the season in figs which 
had reached stage 1 at that time. No marked increase took place after 
the eyes opened. KSealing the eyes or screening the trees (tables 2 and 3) 
did not affect development of mold except that sealing increased it 
somewhat. The question of insect transmission or the method of the 
introduction of these molds into figs with closed eyes has the same 
aspects as in the case of other fungi. Predaceous mites and the few 
thrips which were present seem to be the only i)ossible vectors but 
further proof is needed in regard to them. 

Souring. — The figures given in table 1 corroborate the conclusion of 
previous workers that souring yeasts do not enter the fig until after the 
eye opens and that this time coincides with the appearance of the dried- 
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fruit beetle. This, however, does not give proof that these facts have any 
relation to each other. Tables 2 and 3 indicate that when beetles were 
excluded, either by sealing or screening, no souring occurred, whereas 
a certain amount developed in beetle-infested figs. The data are too 
meager, however, to be taken as final. The results coincide with those of 
Phillixis, Smith, and Smith (1925) and those of Caldis (1930). 


SUMMARY 

The epidemiology of spoilage diseases of uncaprified, second-crop 
Adriatic figs was studied at Merced, California, by three different 
methods with particular reference to insect transmission. 

The internal fauna of developing figs was found to consist of tlie fig 
mite, Eriophyes fici Ewing, various species of ])redaceous mites, various 
species of thrijis, the dried-fruit beetle (CarpopJiihis hemipierus U.)> 
and the vinegar fly {Brof^ophila ampelophila Loew.). Tlie last two 
mentioned were found to enter the figs only after tlie eyes had opened ; 
the others were found throughout the season in immature figs with the 
eyes still closed. Ants were also found to infest ripening figs in some 
cases. 

Up to about duly first, green, nearly full-grown figs with closed 
eyes (stage 1) were found to be nearly all internally sterile, Tti the 
successiA^ely develo[)ing figs which reached this stage after that time 
an increasing percentage was found to contain cryjitogamic micro- 
organisms. 

The earliest flora to appear in figs of stage 1 consisted mostly of 
bacteria and certain yeastlike fungi. 

In figs of stage 1 the fungi which cause moldy figs (Alfrrnana, 
llorm.odendrum, Cladosporium, etc.) were first found abundantly irp 
fruit which reached that stage about July 15. No marked increase 
thereafter in the percentage of figs of any stage infected with these 
fungi was found. 

Tlie fig-smut fungus (Aspergillus niger) was found to be present in a 
small percentage of figs previous to the opening of the eye. After the 
eyes opened this percentage was much increased. 

The yeasts which cause fig souring w^ere found to be entirely absent 
from figs until after the eyes had commenced to open. 

No relation could be seen between the presence in figs of the fig mite 
(Eriophyes fici) and any type of infection. 
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Evidence was obtained that the dried-fruit beetle (Carpopfdlus) is 
not an important factor in the transmission of smut and mold, but may 
be the principal carrier of the yeasts associated with souring. During the 
season when this work w'as done thrips were not present in figs in suffi- 
cient numbers to warrant any final conclusions as to their importance 
as carriers of infection. 

Predaceous mites and, to a much less extent, thrips, were the only 
living vectors to which the transmission of smut and mold could be 
attributed. 

No relation was found between the activities of ants in figs and the 
spread of smut and mold, and souring. 
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EFFF.CT OF COVERCROPS ON THE SOIL SOLUTION 
AT DIFFERENT DEPTHS UNDER 
ORCHARD CONDITIONS^ 

E. L. PROEB8TING2 


Two earlier papers^'^’ liave presented })ro^ress reports concerning 
elianges in concentration of the more im})ortant ions in the soil solution 
under a variety of covercrop treatments and with different s])ecies of 
trees. These results were obtained from the orchard of the Pomology 
Division of the California Agricultural Exi)eriment Station at Davis. 
The crop history has been giveiP**^ in a former paper and is not essential 
for consideration of the data given here. The plot treatments were 
alfalfa sod {Medicago saiiva) ; a summer covereroj) of mat bean {Phase- 
oJus aconitif alius) , which was superseded by Dolichos labial) in the 
seasons 1931 and 1932; and winter eovercro])s of rye {Secale cereale) 
and of Mclilotus indicn. These were all compared with three clean- 
cultivated cliecks. The treatments were duplicated. Tliey ran in strips 
across the species plantings of i)ears, prunes, ayiples, Japanese plums, 
cherries, apricots, and ])eaches as sliown in figure 1. The method used in 
obtaining the soil solution has been described elsewhere^’^\ and is essen- 
tially a displacement rather than an extraction with an excess of water; 

In the preceding reports, the data Jiave been based on analyses from 
composite samples of the ujiper 4 feet of soil. Because many roots 
[jenetrate to greater depths, analyses have been made of the soil solution 
obtained to a depth of 8 feet. The present report shows the results of 
four composite samples of 2 feet each to a total depth of 8 feet. This 
changed procedure has reduced the number of plots that could be 

1 Received for publication March 17, 1933. 

2 Associate Professor of T*omology and Associate Pomologist in the Experiment 
Station. 
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sampled in a given period to one-fourth of the previous number. The 
time interval between samples of a given plot has therefore been mark- 
edly increased, and the number of points on the graph of a season’s 
results correspondingly reduced. The seasonal sequences have been so 
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Pig. .1. Planting plan of covercrop experiment. Block A is the lower 
17 rows; lilock B the upper 16. Numbering begins at the lower right-hand 
('oriier in each l)l()ck. Symbols indicating the kiiuLs of fruit trees in each 
row are given at the right. 


regular, however, tluit tliere is x>i’obal)ly im serious objection to the 
ebanged nietliod of sampling. The first samples taken at the greater 
dex)th were secured in 1929 in four iilots of block B, namely the north 
check and alfalfa jtlots of pears and xieaches. These samples showed 
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such striking differences that the inethod was extended to 28 plots for 
each of the past three seasons. Sampling of the peach and pear plots was 
continued until J une, 1981, and then a change was made to the adjacent 
rows of apricots and prunes. Tlie reason for this change was primarily 
tliat a very large number of holes had been made in limited areas, cutting 
many roots and thus causing an increasing heterogeneity in the plot. 
Areas tapped by roots lose moisture and solutes, and when the roots are 
cut a new situation develops. Until new roots grow into such a region, 
the area is not typical of the plot in question. The two fruits chosen, 
])esides lying adjacent to the fruits already used, had the additional 
advantage of differing from each otlier in growth and fruiting habits 
as well as in handling. The apricot tree is much larger and, probably, 
deeper rooted than the |)rime. It matures its fruit early in the season, 
being harvested in June, it is pruned severely, and the fruit is thinned. 
The prune, in contrast, matures its fruit in September, is i)runed very 
little, and is rarely thinned. 

These differences in beliavior were ex])ected to influence somewhat 
the character of withdrawals made on the soil solution at various periods 
of the year. In the course of tliese investigations, it was found that there 
was a marked tendency for the soil solution under apricots to resemble 
that under peaches, and for tliat under prunes to approximate that 
under ])ears. Few data have been secured on the other tliree species, 
namely, ai)])les, Ja])anese ])lums, and cherries, and these will not be 
considered in any of the discussion. 

In order to consei've s}>ace in the presentation of data, the major 
results of only one season, U)J0, will l)e reported. Im])ortant deviations 
from these typical cases will be noted where they o(*cur. The large 
number of solutions analyzed (over 1,200 in the peiviod under discussion) 
wordd seem to justify the withholding of a considerable i)ortion of 
the data. 


NITRATE 

It has been pointed ovdt*’ that in the upper 4 feet of soil the nitrate 
concentration varies seasonally, usually showing its minimum in the 
spring and its maximum in the fall ; that alfalfa reduces the NO., con- 
centration, as do peaches to a lesser degree. The data presented here 
(tables 1 to 4, inclusive), support these conclusions. In addition, a 
nunil)er of interesting relationships can be seen. Perhaps the most 
striking is the contrast between alfalfa and check plots. The divergence 
in concentration between these two series of plots is greater below 4 
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feet than above that depth. The relation between nitrates under peaches 
and those under pears, however, is the reverse at the lower depths of that 
in the top 4 feet. That is, the concentration of nitrate is greater under 
peaches than under pears at the lower depth. 

TABLE 1 

Nitrate Content of Soil Solution in Peach Series, Block A,* 

IN Parts per Million of NO, of Displaced Solution 


Depth 


Treatracnt 

Date 







0-2 

2-4 

4-6 

6-8 



feet 

feet 

feet 

feet 



230 

270 

1.490 

2,240 



240 

140 

430 

1,100 


1 September 12 

380 

430 

1,950 

1,720 


[ December 23 

460 

210 

1,030 

1,390 


( May 26 

570 

220 

100 

160 

Alfalfa sod 

1 July? 

540 

180 

90 

140 



120 

200 

70 

60 


[ May 27 

170 

130 

210 

1,040 

Summer covercrop 

j July 8 

300 

120 

170 

760 


( September 14 

210 

100 

210 

230 


f Mtay 28 

160 

130 

660 

1,800 

Clean-cultivated check 

j July 9 

270 

340 


1,370 


[ September 19 

240 

80 

1,100 

1,960 


f May 29 

240 

60 

1,110 

1,760 

Winter covercrop of mcUlotus 

July 10 


70 

730 

1,670 


September 20 

280 

80 

350 

1,200 


[ May 30 

220 

60 

270 

610 

Winter covercrop of rye 

July 11 

460 

70 

160 

660 


[ September 25 

420 

80 

170 

460 


f J une 2 

200 

130 

930 

1,840 

Clean-cultivated check 

j July 15 


100 

710 

1,200 


[ September 27 

430 

160 

1,100 

2,040 


♦ Block A consist-e of trees planted in 1922; block B of trees planted in 1923. 


Aecordirig to studies by Beckett and Hulierty,^^^ alfalfa roots may be 
fairly well distributed at depths to 8 feet under the conditions prevailing 
at Davis. Probably, therefore, the alfalfa plant has reduced the nitrate 
concentration to a depth of at least 8 feet by direct absorption. 

The alfalfa was plowed up in the fall of 1929 because weeds had 
become established in these plots. In the top 2 feet, the NOg concentra- 
tion rose steadily for a year, beginning within a month after plowing and 
reaching a maximum the following antumn. The lower depths showed 
progressively less effect than the surface, there being no significant 
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increase at 6 to 8 feet. When the plots were reseeded in the fall of 1930, 
the NO 3 concentration dropped rapidly again ; and it has since been 
maintained at a low level in all plots. The alfalfa seems to be the major 


TABLE 2 

Nitrate Content ok 8oil Solution in Peach Series, Block B, 
IN Parts per. Million of NO, ok Dispi.aced SoLirrioN 


Treat mont 

Dale 

Depth 

0-2 

feet 

2 4 
feet 

4 “6 
feet 

6-8 

feet 



[ March 21 

260 

170 

610 

900 



Miiv 5 

210 

170 

440 

970 

Clean-cultivated check 



200 

150 

450 

970 



AuguBl 12 

280 

230 

630 

930 



November 7 

470 

270 

670 

620 




260 

70 

30 

30 




590 

150 

50 

30 

Alfalfa 


j June 19 

380 

130 

100 

60 



Atigual 13 

190 

150 

240 

40 



[ November 8 

530 

120 

30 

30 


(' May? 

130 

140 

640 

730 



270 

100 

310 

1 ,000 


i August 14 

230 

170 

660 

1 1,120 


[ November 14 

350 

180 

900 

1,040 



f Mays 

150 

200 

640 

870 

Clean-cultivated check 



190 

90 

530 

1,080 

! 


A\lKU8t 15 

120 

no 

590 

730 



November 23 

360 

130 

660 

1,350 



1 May 9 

130 

70 

320 

630 

Winter covercrop of melilotus 

j 

June 16 

210 

80 

130 

520 



August 16 

100 

50 

100 

360 



November 25 

60 

70 

180 

600 



May 12 

150 

80 

70 

90 

Winter covercrop of rye 


June 13 

210 

90 

70 

120 



August 21 

280 

80 

90 

200 



November 29 

360 

80 

80 

230 • 


1 

May 13 

210 

230 

300 

1 ,040 

Clean-cultivated check 


June 12 

160 

80 

280 

1,100 



August 22 

210 

100 

410 

1,090 


1 

December 2 

460 

70 

340 

600 


factor affecting the level of NO 3 concentration in plots having this 
treatment. Differences between species of trees are obscured by the 
greater effect of the alfalfa. 

The effect of the summer covercrop on nitrates has been slight. 
Though somewhat lower concentration appears in the summer covercrop 
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plots than in the adjacent check, the differences are slight; those that 
do appear are greater in the lower than in the upper layers. 

The plots on which Melilotus indica waa grown as a winter covercrop 
have shown an anomalous behavior with respect to NO^ concentration. 


TABLE 3 

Nitrate Content of Soil Solxttion in Pear Series, BijOCK A, 
IN Parts per Million of NO, of Displaced Solution 


I'reatnient 

Date 


Depth 


0 2 
feet 

2-4 

feet 

4-6 

feet 

6-8 

feet 



f June 3 

350 

310 

650 

910 

Clean-culti vated c-hedk 


July 16 

260 

210 

310 

620 



[ September 30 

520 

330 

560 

980 



1 June 4 

320 

280 

100 

80 

Alfalfa 


July 17 

750 

280 

150 

100 



[ Oct ober 2 

610 

300 

130 

100 


1 

f J line 5 

230 

210 

290 

530 

Summer ^overcrop 

j 

I July 18 

410 

230 

140 

I 400 


1 

[ October 3 

370 

100 

850 

540 



f June 6 

280 

1 320 

670 

1 1,160 

Clean-cultivated chwk 


July 21 

330 

310 

440 

! 630 



October 8 

670 

460 

620 

640 


i 

[ J une 9 

230 

80 

40 

110 

Winter ot^vcrcrop of melilotuR 

1 

1 

July 22 

360 

! 140 

70 

90 


1 

[ October 10 

590 

130 

100 

210 


1 

[ June 10 

300 

140 

80 

70 

Winter covercrop of rve 

j 

: July 23 

450 

160 

60 

90 


1 

[ October 14 

540 

200 

80 

50 



f June 11 

310 

300 

430 

, 580 

Clean-cultivated check 


July 24 

340 

290 

480 

570 



[ October 16 

900 

550 

970 

690 


Although most plots show an increase in NOg over the check, in the top 
soil, the reverse is true in the lower depths. In the late fall and early 
winter after seeding there is usually a decrease of NOg in those plots as 
compared with the checks. 

The plants were well nodulated and were plowed under wdiile still 
succulent ; but, despite this fact, the influence of melilotus, generally, 
has been to depress the NOg concentration in the lower depths of the soil. 

The effect of a winter covercrop on NOg in the lower depths is carried 
still further in the case of rye. Although the top 2 feet often show an 



August, 1933] Proeh sting : Effect of Covercrops on the Soil Solution 


559 


increase over the check, the lower depths show a greater depression of 
the NOj 5 concentration. The concentration of NO^ in the 6-8 foot layer 
of the check often is 20 to 30 times that occurring at the same depth in 

TABLE 4 

Nitrate Content of Soil Solution in Pear Series, Block B, 

IN Parts per Million of NO,, of Dlspt.acfj) Sot.ittion 


Treatment 

Date 

0-2 

feet 

De 

2 4 
feet 

pth 

4-6 

feet 

6-8 

feet 



f March 28 

390 

410 

900 

i,m 



May 14 

420 

410 

61)0 

570 

Clean-cultivated check 


June 23 

300 

330 

530 

480 



August 23 

510 


200 

750 



Deceml>er G 

690 

410 

650 

670 



March 22 

300 

280 

80 

60 



May 15 

630 

410 

90 

100 




590 

230 

130 

70 



August 28 

980 

340 

310 

130 



December 13 

860 

510 

390 

160 



May Hi 

340 

330 

510 

800 




390 

270 

280 

040 



August 29 

400 

270 

440 

920 



December 15 


370 

590 

740 


[ May 19 

320 

330 

810 

G60 

Clean-cultiv'ated check 

.Tunc 2.'5 

290 

390 

760 

710 



A ugust 30 

240 

280 

670 

580 



December 17 


360 

770 

750 



May 20 

450 

190 

350 

370 

Winter covercrop of melilot us 

J 

J une 27 

460 

170 

250 

350 



September 2 

490 

240 

160 

250 



December 18 

370 

330 

310 

260 



May 21 

1 510 

290 

460 

240 

Winter covercrop of rye 


J une 30 

520 

190 

190 

220 


1 

September 3 

1 400 

170 

140 

230 


[ December 19 

760 

210 

250 

200 



May 22 

320 

490 

690 

780“ 

Clean-cultivated check 

] 

July 1 

350 

320 

540 

700 



September 11 

420 

270 

260 

310 



December 22 

330 

590 

630 

540 


the rye plot. These high ratios w^ere not found in tlie data for 1930 given 
here but were present in some of the data for other years. This result 
can be interpreted in several ways: there may be direct absorption by 
roots of the covercrop ; the carbohydrate materials of the plant may be 
leached throughout the soil column examined, providing a source of 
energy for organisms which rtunove NOy from the solution to build 
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protoplasm ; or the decomposition of rye may produce substances which 
inhibit the activity of nitrifying organisms. A somewhat similar circum- 
stance has been reported by Batchelor,^ who found that straw added to 
the surface soil of citrus orchards reduced the NO3 content of the top 4 
feet of soil to a negligible amount. In that case the first possibility, that 
of removal of NO3 by the roots of a covercrop, is eliminated, and de- 
pression of NO3 must be ascribed to leached materials of one of the two 
kinds postulated above. This explanation will also account for the fact 
that the NO;^ concentration of the lower depths in the summer cover 
and the melilotus plots is less than that of the checks. 

The contrast between peaches and pears is difficult to explain with 
the existing data. The differences in the top 4 feet are in accord with 
expectations, but the reversal of tliis relationship in the lower 4 feet is 
not. It cannot be ex|)lained on the basis of root distribution, there being 
many roots in this region, as shown by their extraction of moisture and 
by their j)resence in samples. It cannot be explained by leaching from 
the surface soil. The concentration is greater in the lower depth and, too, 
is higher under peaches, where the NO., concentration in the surface soil 
is lower than under pears. Apparently there may be nitrification at 
these depths at a rate greater than the rate of withdrawal, and the 
differential for peaches may excel that for pears. Further work on this 
point is necessary before definite conclusions can be drawn. 

Certain observations that bear on interpretation of tliese phenomena 
should now be made. Because of the low annual rainfall (about 17 
inches) and its distribution almost exclusively through the winter 
months, the soil is not leached by rain water below the deptli of root 
penetration. 

Irrigation is practiced in tlie summer, the water carrying an appre- 
ciable amount of salts. The concentrations in parts per million are as 
follows : totals solids at lOS'^C, approximately 500 ; Na, about 50 ; K, 1 ; 
Ca, 35 ; Mg, 60 ; Cl, 10 ; IICO„ 400 ; NO„, 4 ; SO„ 25 ; and SiO„ 40. This 
water is applied at a rate that does not always effect x>cnetration to the 
full depth of sami)ling. In 1932, two irrigations at very short intervals 
were given in order to wet the entire 8-foot column. Moisture data 
indicate that during prolonged periods the soil below 6 feet, in several 
plots at least, has had no additions of water from the surface. This being 
the cas^^, displacement of nitrates from higher levels into this region 
cannot have been a factor in causing the high concentration observed. 
The variations noted must result from biological factors. 


a Personal correspondence. 
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On the other hand, the addition of water, whether by rain or by irri- 
gation, must dilate the NO3, at least temporarily. There must be some 
displacement of NO3 into lower layers, also, even though it does not 
always proceed to the limit of sampling. The amount of displacement 
under field conditions is a matter of conjecture. It no doubt varies with 
the number of root channels and fissures, as indicated by Slater and 
Byers^”^ Such changes of concentration as may be ascribed to these 
causes are less than the changes actually observed, and do not affect the 
generalizations made concerning seasonal trends and differences be- 
tween plots. In certain cases aberrant results may be ascribed to these 
factors, but they are not of first importance. 

The changes in NO^ concentration under apricots resemble those 
under peaches so closely as to permit these fruits to be discussed to- 
gether. This fact is illustrated in figure 2. The general level of the curves 
is practically continuous for all layers except the surface. The surface 
2 feet shows a lower concentration under apricots than under peaches, 
but this may be only a seasonal effect. 

The prune plots yield NO^ concentrations more like those of pear 
plots than of the other stone fruits. The fact that prune trees are smaller 
and less vigorous than the other stone fruits considered may l)e the 
explanation. The prune plot trends are exemplified in figure 2, where 
the data are plotted as continuations of tire pear curves. These figures 
also show the contrast between check and alfalfa plots. 

As the figures indicate, the surface soil appears to be more regular in 
the sequence of changes than the lower depths. This i)henoinenon does 
not, ap])arent]y, result from sampling errors, for duplicate determina- 
tions have usually given very similar concentrations. The fact that each 
sample is a com])osite of 30 cores from the soil tube, taken in an area 
roughly 20 x 50 feet, accounts for the small error in sampling. The data 
at hand do not explain all the deviations from smooth curves. Seemingly, 
however, these deviations do not occur often enough to invalidate the 
general conclusions. 

The difference between the surface 2 feet and the second 2 feet might 
be tentatively explained as resulting from the higher organic content 
of the top soil and from the greater root distribution in the 2-4 foot 
layer. A more scattered root system might be postulated to account for 
the increased concentration below that depth ; but, as indicated above, 
the data at hand are not deemed adequate for a satisfactory explanation 
of the facts observed. 
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SULFATE 

The data for sulfate concentration are presented in tables 5 to 8. The 
relationships pointed out in earlier papers for the top 4 feet hold for this 
region. In the lower layers, a curious circumstance aj)pears : the inverse 


TABLE 5 

Sulfate Content of Sou. Solution in Peach Series, Block A, 
IN Parts per Million of SO 4 of Displaced Solution 


Treatment 

Date 

0 2 
feet 

De 

2-4 

feet 

pth 

4~0 

feet 

6-8 

feet 



May 23 

lt )0 

200 

280 

180 

Clean-cultivated check 


July 2 . .. 

130 

200 

240 

140 



September 12 

290 

420 

200 

140 



December 23 

280 

330 

330 

170 



May 25 

100 

180 

230 

320 

Alfalfa 



no 

140 

180 

230 



September 18 

80 

170 

180 

200 



May 27 

140 

190 

290 

270 

Sunirner covercrop 


July 8 

120 

150 

220 

260 



September 14 

200 

230 

420 

350 



May 28 

120 

270 

280 

170 

Clean-cultivated check 


Julv 9 

100 

270 

290 

200 



September 19 

200 

300 

480 

240 


f May 29 

190 

310 

270 

160 

Winter covercrop of nielilotuB 

\ July 10 



310 

300 

140 


[ September 20 

220 

510 

350 

370 



May 30 

170 

200 

200 

100 

Winter covercrop of rye 

<1 

July 11 

150 

330 

270 

120 


1 

September 25 

180 

240 

300 

190 



May 31 

150 

280 

310 

150 

fllejin-cnlti vP-teH cReck 


July 15 


340 

270 

140 


1 

September 27 

220 

390 

340 

140 


relationship noted between SO4 concentration and NO.^ concentration 
in the surface soil does not hold. That is, even tliough the NO3 concentra- 
tion is higher under iieaches than under pears at these depths, the SO4 
concentration is also higher. The same phenomenon is seen in the com- 
])arison of apricots with prunes, the apricots exhibiting a condition 
analagous to that of peaches, the prunes to that of pears. 

Another consistent relationship noted is that the maximum concen- 
tration of S()4 occurs in the 4-6 foot layer. This condition obtains almost 
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without exception except in alfalfa, where the concentration tends to be 
nearly the same in the two lower layers. 

As in earlier years, more irregularity is apparent in the seasonal 
curves of SO4 concentration tlian in those of NO^, 

TABLE 6 

Sulfate Content of Bom Solution in Peach Series, Block B, 

IN Parts per Million op SO 4 of Displaced Solution 


Depth 


Treat iiient 







1 Date 

0 2 

2-4 

! 4-6 

6-8 



feet 

feet 

feet 

feet 



March 21 

no 

190 

220 

150 



May 5 

200 

210 

230 

200 




150 

210 

280 

190 



August 12 

160 

240 

300 

220 


1 

November 7 

300 

350 

250 




i March 1 

so 

100 

90 

80 



May 6 

90 

100 

90 

70 

Alfalfa 


June 19 

100 

100 

no 

90 



August 13 

100 

120 

140 

110 



^ Novembers 

220 

230 

1 90 

130 


1 

' May 7 

170 

220 

270 

300 

Summer covercrop 

1 

June 18 

160 

210 

280 

270 



August 14 

100 

290 

350 

270 



^ November 14 

240 

360 

360 

290 


[ Mays 

150 

190 

280 

230 

Clean-cultivated check 


120 

190 

280 

260 


I August 15 

210 

200 

270 

210 


( November 23 

60 

280 

360 

290 


1 

^ May 9 

150 

290 

210 

140 

Winter covercrop of melilotus 

J 

June 16 

160 

160 

210 

320 



August 16 

180 

290 

270 

210 



November 25 

60 

310 

320 

190 


1 

f May 12 

140 

220 

220 

190 

Winter covercrop of rvc 

J 


130 

180 

240 

220 


i 

1 August 21 

170 

260 

340 

200 


1 

[ November 29 

230 



280 




140 

210 

280 

170 

Clean-cultivated check 



100 

220 

270 

230 



1 August 22 

220 

290 

370 

150 



[ December 2 

180 

220 

320 

210 


There have been significant additions of sulfate in the irrigation water 
(see concentrations, page 560) . The annual increment would be approxi- 
mately 100 pounds per acre, or about 30 p.p.m. for the 8 feet calculated 
on an average water content. This figure is no more than a rough esti- 
mate to give the order of magnitude of the additions made. On the 
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basis of this estimate, enough sulfate has been added to give 250 to 
300 p.p.m. of solution in tlie 8-foot coliimn in the past ten years. That 
the solution has not been increasing notably in this period, certainly 

TABLE 7 

Sulfate Content of Soil Solution in Pear Series, Block A, 

IN Parts per MmLioN op SO 4 of Displaced Solution 


Treatment 

Date 

0-2 

feet 

De 

2-4 

feet 

pth 

4-6 

feet 

6-8 

feet 



[ June 3 

160 

130 

160 

140 

Clean-cultivated check 


1 July 16 

100 

130 

190 

170 



[ September 30 

140 

200 

200 

180 


f J une 4 

70 

200 

180 

270 

Alfalfa 

\ July 17 

90 

no 

160 

150 


[ October 2 

80 

no 

170 

190 


1 J une 5 

no 

180 

230 

150 

Summer covercrop 

July 18 

50 

170 

120 

170 


[ October 3 

170 

230 

360 

160 



f June 6 

180 

170 

180 

no 

Clean-cultivated check 



130 

200 

180 

120 


1 

[ October 8 

230 

290 

250 

180 



f June 9 

90 

250 

160 

120 

Winter covercrop of inelilotus 

1 


120 

210 

160 

60 



[ October 10 

140 

300 

! 230 

160 



f June 10 

70 

150 

150 

no 

Winter covercrop of rye 


! July 23 

140 

190 

180 

140 


1 

[ October 14 

no 

140 

190 

100 



i June 11 

no 

100 

210 

130 

Clean-cultivated check 


July 24 

150 

180 

200 

120 



October 16 

210 

250 

220 

no ’ 


not in any such amount, may indicate a biological control of SO4 con- 
centration within certain limits. Precipitation of CaSO^ seems iinlikejy 
because the concentration of Ca and SO^ are well below the solubility of 
this compound, and fluctuate from time to time. It would be expected 
that equilibrium with solid CaS04 would give a nearly constant concen- 
tration. The annual cycle of changes cannot be interpreted on the basis 
of increments added by irrigation water, although these increments 
may be a factor in the irregularity noted. 
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Sulfate Content of Soil Solution in Pear Series, Block B, 
IN Parts per Million of SO., of Displaced Solution 


Depth 


Treatment 

Date 

0 2 
fet^t 

2-4 

feet 

4-6 

feet 

6-8 

feet 


f March 2S 

150 

140 

170 

140 


1 May 13 

210 

130 

120 

80 

Clean-cultivated check 

-j June 23. 

100 

140 

130 

90 


1 August 23 

90 

100 

190 

120 


[ December 0 

210 

170 

180 

no 


f March 22 

50 

90 

80 

90 


1 May 14 

80 

100 

90 

90 

Alfalfa 

•1 June 24 

80 

90 

90 

100 


August 28 

no 

90 

120 

130 


[ December 13 

80 

100 

no 

100 


[ May 15 

100 

no 

170 

160 



100 

100 

160 

160 


1 August 29 

100 

140 

180 

180 


[ December 15 

150 

190 

200 

190 


{ May 19 

120 

120 

150 

100 

Cleaii-(;ul t i vated chefrk 

j June 25 

80 

140 

150 

120 


1 A ugiist 30 

100 

170 

120 

80 


[ December 17 


100 

170 

100 


f May 20 

150 

190 

90 

100 

Winter covercrop of melilotus 

j J urie 27 

100 

140 

150 

no 


1 September 2 

130 

no 

190 

80 


[ December 18 


100 

no 




120 

220 

180 

100 

Winter covercrop of rye 


130 

200 

190 

no 


1 September 3 

90 

120 

160 

90 


[ December 19 

170 


260 

130 


( May 22 

no 

150 

140 

130 

Clean-cul ti vated cl j cc k 

j July 1 

50 

140 

150 

no 


1 September 1 1 

130 

130 

160 

120 


[ December 22 

100 

200 

190 

no 
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lUCATlBONATE 

The IlCO.^ concentration also shows a tendency to fall oif during the 
growing season in the surface 4 feet. This trend, as shown in tables 9 
to 12, does not appear in some plots, and is of a low order in otliers. In 


TABLE 9 

Bicarbonate Content of Soil Solittion in Peach Series, Block A, 
IN Parts per Milijon of TICO., of Displaced Solution 


Treatment 

Dale 

Depth 

0 2 
feet 

2 4 
feet 

4-6 

feet 

6 8 
feet 


f May 23 

60 

70 

no 

140 

Clean-cultivated (iheck 

j .)ulv2 

60 

70 

180 

170 



40 


100 

120 


{ May 2() 

80 

100 

210 

220 

Alfalfa 

•{ .July 7 

130 

90 

180 

240 

250 


[ September 18 

110 

100 

180 


f May 27 

90 

80 

160 

200 

Summer (jovercrop 

j July 8 

100 

60 

200 

260 


[ September 14 



130 

250 


f May 28 

70 

70 

160 

200 

Clean-culti vated check 

1 July 9 


70 

140 



[ September 10 

60 

60 

120 

220 


[ May 29 

100 

70 

150 

240 

Winter covercroj) of rnelilotuR . 

j July 10 , . ... 


80 

180 

290 


[ Seihember 20 

130 

70 

110 

130 


f May 30 

80 

80 

160 

270 

Winter covcrcrop of rye 

j July 11 

no 

80 

2(X) 

320 


[ September 25 

150 

130 

200 

360 


( June 2 

60 

60 

140 

140 

Clean-cultivated check 

■j J uly 12 


70 

140 

120 


[ September 27 

170 

50 

140 

150 


the lower layers the falling off is likewise not entirely regular. The data 
obtained from the apricot and prune series in 1931 are still less con- 
sistent in the depths below 4 feet. 

One very regular relationship, however, is the much higher concen- 
tration of HCO 3 in the lower than in the upper layers, in all plots in all 
series in all years. 

Another such relationship is the higher concentration in solutions 
from alfalfa plots. This difference is less than that between top and 
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lower soils, but is nearly as consistent throughout the period dealt with. 
Very few exceptions occur in the many samples compared. The winter- 
covercrop plots show a generally increased IICO3 concentration, com- 

TABLE 10 


Bicarbonate Content of Soil Solution in Peach Series, Block B, 
IN Parts per Million of HOG;, of Displaced Solution 


Treatiricnt 

Date 

Depth 

0-2 

feet 

1 

2-4 

feet 

4--6 

feet 

6-8 

feet 


f March 21 

190 

60 

140 

140 


May 6 

no 

100 

180 

160 

Clean-cultivated check 

j June 20 

60 

70 

130 

130 


August 12 

90 

70 

160 

120 


i November 7 

60 

50 


120 


[ March 1 

280 

150 

200 

320 


j May 6 

110 

no 

210 

310 

Alfalfa 


100 

1 10 

170 

270 


August 13 

140 

130 

130 

210 


November 9 

70 

70 

no 

170 


f May 7 

120 

100 

210 

310 

Summer covcrcrop 

1 June 18 

80 

70 

170 

220 


1 A ugust 14 

60 

30 

100 

no 


[ November 14 

80 

00 

no 

180 


f May 8 

100 

80 

170 

300 

Clean-cultivutod check 

1 June 17 

80 

60 

140 

190 


j August 15 

100 

100 

160 

250 


[ November 23 

40 

20 

50 

60 


f M ay 9 

100 

90 

190 

270 

Winter covercrop of melilotus 

1 June 15 

130 

90 

180 

180 


I August 16 

no 

70 

180 

250 


[ November 25 

50 

50 

90 

100 


f May 12 

140 

100 

200 

270 

Winter covercrop of rye 

j June 13 

150 

130 

180 

230 


1 August 21 

90 

90 

150 

260 


[ November 29 

150 

60 

no 

150 


f May 13 

70 

70 

150 

130 

Clean-cultivated check 

j J une 12 

120 

70 

140 

130 


1 August 22 

80 

60 

120 

140 


[ December 2 

30 

30 

70 

80 


pared with the checks. Their values are sometimes greater than those for 
alfalfa, especially in the rye plots. 

The amount of PICO,^ added by the irrigation water is of considerable 
magnitude. Apparently, however, only biological processes in the soil 
can account for the observed concentration. 
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Burd and Martin’s^ hypothesis, that anions may be absorbed more 
rapidly than cations, and HCO 3 excreted by the organism to preserve 
the electrical balance, seems the most acceptable one at the present time. 
If monovalent ions are more readily absorbed than divalent, then one 


TABLE 11 

BicAJtuaNATE Content of Soil Solittion in Pear Series, Block A, 
IN Parts per Million of HOG;, of Displaced Solittion 


Treat inent 

Date 

Depth 

0-2 

feet 

2-4 

feet 

4-6 

feet 

6-8 

feet 



f June 3 

50 

50 

140 

210 

Clean-cultivated check 


July Itl. 

50 

50 

180 

270 



[ September 30 

40 

40 

140 

230 



1 June 4 

60 

70 

200 

220 

Alfalfa 


July 17 

60 

80 

210 

280 



^ October 2 

50 

60 

180 

170 



f J une 5 

70 

50 

200 

230 

Summer overcrop ^ 


1 July 18 

50 

80 

200 

280 

1 


[ October 3 

50 

40 

130 

190 


f June 6 

40 

30 

140 

120 

Cloan-culti vatcd clieck 

i July 21 

40 

40 

180 

170 


[ Octobers 

70 

30 

130 

140 



f June 0 

120 

80 

270 

460 

Winter covercrop of mclilotus 


July 22 

60 

40 

220 

300 



[ October 10 

40 

40 

160 

200 



{ J une 10 

150 

90 

250 

380 

Winter covercrop of rye 

j 

July 23 

90 

50 

200 

310 


1 

[ October 14 

40 

40 

190 

300 



June 11 

80 

90 

170 

240 

ClAnp-r.vilii vnl.eH fihf»f*.k 


July 24 

40 

40 

190 

310 



October 16 

90 

40 

140 

260 


might expect a greater absorption of cations in the surface soil, where 
K concentration is greatest (see below) . In the deeper soil, the decreased 
K concentration and increased Ca and Mg concentration would tend to 
decrease cation absorption. The higher NO 3 concentration might tend to 
encourage a relatively increased absorption of anions. The HCO;< con- 
centration under these conditions would tend to be low in the surface 
layers and high in the lower ones, as is actually the case. Such a process 
would likewise tend to shift the pH toward the alkaline side in the lower 
layers ; and this theory again fits the facts, the pH in the top 4 feet 
ranging about 7.6, while the 4-8 foot column is approximately 8.2. 
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TABLE 12 

Bicarbonate Content op Boil Holution in Pear Series, BiiOck B, 
IN J^ARTs PER Million of BCO.j of Displaced Solution 


Depth 


Treatment 

Date 

0 2 
feet 

2-4 

feet 

4-6 

feet 

6-8 

feet 



f March 28 

70 

60 

170 

160 



May 14 

50 

60 

180 

190 



.1 une 23 

40 

60 

190 

170 



AuRUst 23 

50 

80 

170 

210 



December 6 

20 

20 

120 

150 



I March 22 

180 

80 

250 

260 



May 15 

80 

70 

220 

240 

Alfalfa 


June 24 

70 

60 1 

210 

260 



August 28 

.... 

60 

160 

250 



December 13 

20 

20 

100 

240 


1 

f May 16 

70 

70 

210 

320 



1 J une 25 

80 

70 

170 

250 



AuRUBt 26 

80 

50 

130 

170 



[ December 15 

20 

10 

80 

110 



f May 19 

60 

50 

170 

290 

Clean-cultivated check 


1 J une 26 

40 

40 

150 

160 


i 

August 30 

70 

170 

200 

100 


I 

[ December 17 


20 

90 

220 



! May 20 

70 

60 

190 

330 

Winter covercmp of rnelilotus 


June 27 

60 

40 

180 

350 


1 

September 2 

80 

50 

130 

190 



^ December 18 

20 

30 

110 




May 21 

60 

50 

170 

310 

Winter covercrop of rve 


June 30 

60 

20 

160 

270 



September 3 

50 

40 

170 

340 



December 19 

20 

70 

140 

140 


1 

' May 22 

40 

50 

160 

190 

Clean-cultivated check 


July 1 

30 

30 

140 

130 


] 

September 11 

50 

60 

140 

250 



December 22 

10 

20 

100 

120 


There are no carbonates in this soil in the 8 feet used for these samples. 
As an alternative explanation, it has been suggested by Burd^ that 
liberation of CO2 from the soil in consequence of slight changes in the 
buffer system might adequately account for the differences in HCO3 
shown in these analyses. 


I Personal correspondence. 
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CHLORIDE 

For "the years 1931 and 1932, chloride determinations were made on 
all solutions. The data for these solutions (numbering over 800) are not 
])resented, because their significance does not seem to warrant the space. 
Chloride, not being considered an important nutrient, was not included 
in the analysis of earlier solutions; it was included for 1931 and 1932 
primarily to enal)le a closer balance sheet of cations and anions to be 
prepared. There is some similarity between Cl concentration and SO4 
concentration. It is low in the surface, with a maximum in the 4-6 foot 
layer. It is higher under peaches than under pears, and higher under 
a])ricots than under i)runes. It is low in alfalfa plots and intermediate 
in the winter-covercrop plots, as compared with the checks. The con- 
centration in the 0-2 foot layer of pears averages about 60 parts per 
million; in the 2-4 foot layer, slightly more; in the 4-6 foot layer, 80 
to 160 ]).p.m. ; and in tlie 6-8 foot layer, 60 to 120 p.p.m. In the peaches 
the averages range from 40 to 70 p.p.m. in the surface lay(‘r; 70 to 110 
in the 2-4 foot layiu*; 120 to 300 in tlie 4-6 foot layer; and 150 to 260 
in the 6-8 foot layer. Tlie apricot plots give somewhat higher results 
than the peacli ; the iiriine little more than the pear. These results vary 
considerably in tlie two years, the 1931 levels being higher than those 
of 1932. 


PHOSPHATE 

Only one point bronglit out by the new data adds to those illustrated 
by the previous figures as respects phosphate content. The PO4 concen- 
ti’ation is gnmtest in the surface soil (about 0.3 p.p.m.), decreases to a 
minimum in the 4-6 foot layu^r, and rises slightly in the 6-8 foot de])th. 
The level is low in aJl cases, with an average of less than 0.1 p.p.m. of PO4 
in the 4-6 foot zone. There seems to be an equilibrium condition without 
seasonal change. In spite of this low level, the trees show no indication 
whatever of phosphorous deficiency. (Irowth has been vigorous. Tlie 
constant concentration, even though low, seems to supply an adequate 
total amount. As others have pointed out, however, these values are 
averages; and local zones at the interface between soil particle and 
absorbing surface of the root may be entirely different in magnitude. 
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CALCIUM 

The results of the analyses for calcium appear in tables 13 to l6. These 
data have confirmed those presented before on the Ca concentratiGn in 
the upper 4 feet. The general relationships for Ca concentration agree 

TABLE 13 

Calcium Content of Soil Solution in Peach Series, Block A, 

IN Parts per Million of Displaited Solittion 

Depth 


Treatment Date 




0-2 

feet 

2-4 

feet 

4-6 

feet 

6-8 

feet 


( June 23 

60 

83 

196 

199 

Cleaii-oultivaled check 

J July 2 

55 

55 

107 

118 


] September 12 

103 

151 


173 


[ December 23 

115 

100 

103 

140 


f May 26 

83 

75 

70 

100 

Alfalfa 

\ July? 

97 

50 

60 

72 


[ September 18 

60 

73 

60 

60 


[ May 27 

50 

62 

89 

145 

Summer oovercrop 

July 8 

68 

45 

80 

136 


[ September 14 

78 

55 

135 

314 


( May 28 

41 

62 

132 

143 

Clean-cultivated check 

j July 9 

53 

56 

134 

269 


[ September 19 

73 

79 

223 

160 


[ May 29 

61 

74 

186 

142 

Winter a)vercpop of meliJotus 



76 

135 

131 


( September 20 

85 

106 

152 

231 


[ May 30 

60 

72 

103 

65 

Winter covercrop of rye 


94 

91 

100 

59 


[ September 25 

88 

82 

128 

78 


f June 2 

59 

70 

162 

203 

Clean-cultivated check 

July 15 


78 

150 

235 


September 27 

83 

112 

205 

220 


nicely with those recorded for NO^ above. There is, however, less contrast 
between surface and deeper layers than in the case of NO,,. In some of 
the pears, in fact, the deeper layers are actually lower in the Ca ion, 
notably in some of the rye-plot samples. The high nitrate content of the 
deeper layers under peaches is reflected in the high Ca content of the 
same regions. The apricot and prune plots also show the contrasts 
indicated in the discussion of NO., above. 
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TABLE 14 

Calcium Content op Soil Solution in Peach Series, Bi^ock B, 
IN Parts per Million of Displaced Solution 


Treatment 

Date 

fr -2 

feet 

De] 

2-4 

feet 

pth 

4-6 

feet 

6-8 

feet 



March 21 

04 

56 

108 

170 



May 5 

67 

60 

110 

196 

Clean-cultivated check 


J une 20 

62 

61 

123 

280 



August 12 

57 

80 

141 

180 



November 7 

1 110 

111 

143 

120 



March 1 

67 

43 

40 

53 



May 6 

! 80 

46 

40 

45 

Alfalfa 


June 19 

65 

48 

43 

48 



! August 13 

66 

46 

44 

51 



November 8 

120 

69 

30 

58 



' May? 

53 

71 

137 

180 



June 18 

62 

57 

96 

235 



August 14 

42 

84 

153 

246 



^ November 14 

98 

94 

197 

208 



May 8 

50 

65 

149 

143 

Clean-cultivated check 



46 

47 

131 

184 



August 15 

78 

59 

126 

128 



November 23 

33 

71 

157 

! 238 



f May 9 

50 

58 

111 

113 

Winter oovercrop of luelilotus 


June 10 

00 

47 

77 

114 



i August 10 

64 

73 

93 

97 



[ November 26 

30 

81 

100 

99 



f May 12 

52 

70 

85 

70 

Winter cjovercrop of rye 


1 J une 13 

57 

57 

81 

79 



August 21 

75 

75 

131 j 

87 



[ November 29 

88 

88 

130 

105 



f May 13 

56 

76 

132 

179 

Clean-cultivated check 


1 June 12 

42 

54 

103 

202 


1 

1 August 22 

90 

87 

131 

184 



[ December 2 

90 

60 

120 

116 


In a considerable number of samples, the Ca content has its maximum 
in the 4-6 foot layer, the 6-8 foot zone showing some decrease. This is a 
point of divergence from the behavior of nitrate. 

A notable reduction of Ca. appears in the lower layers of alfalfa and 
the rye plots and to a less (extent in the melilotus plots. 
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TABLE 15 

Calcium Content of Soil Solution in Pear Series, Block A, 
IN Parts per Million of Displaced Solution 


Treatment 

Date 

0 2 
feet 

Dei 

2-4 

feet 

pth 

4-6 

feet 

6-8 

feet 



1 June 3 

68 

60 

106 

99 



I July 16 

50 

50 

79 

81 



[ September 30 

91 

90 

122 

142 


1 

f June 4 

42 

81 

71 

51 

Alfalfa 


July 17 

90 

51 

57 

47 


1 

[ October 2 

80 

56 

58 

47 



f Junes 

50 

62 

89 

70 



1 July 18 

57 

62 

62 

84 



^ October 3 

76 

63 

111 

41 



1 June 6 

69 

70 

119 

113 

Clean-cult ivaied check 


July 19 

61 

75 

101 

84 



[ October 8 

127 

113 

156 

100 



f June 9. 

58 

58 

63 

55 

Winter (overcrop of rnelilotus 


J uly 22 

70 

60 

65 

42 



[ October 10 

96 

77 

80 

52 



f June 10 

65 

1 

51 

61 

43 

Winter covercrop of rye 

i 

1 J uly 23 

80 

58 

60 

44 


1 

[ October 14 

85 

57 

64 

43 



f June 11 

60 

75 

88 

62 

Clean-cultivated check 


July 24 

67 

71 

90 

53 



October 16 

159 

133 

162 

66 
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TABLE 16 

Calcium ('ontent op Soil Solution in Pear Series, Blo(]k B, 
IN Parts per Million of Displaced Solution 


Treatment 

Date 

0-2 

feet 

De 

2-4 

feet 

pth 

4-6 

feet 

6-8 

feet 



March 28 

76 

82 1 

146 

132 



May 14 

94 

78 1 

107 

75 

Clean-cultivated check 


June 23 

56 

70 

95 

68 



August 23 

73 

76 

114 

98 



December 6 

124 

93 

111 

89 



March 22 

56 

52 

51 

43 



May 15 

97 

69 

52 

48 

Alfalfa 


June 24 

73 

47 

54 

48 



August 28 

124 

54 

74 

58 



December 13 

105 

72 

67 

42 



i May 16 

59 

56 

93 

110 

Bummer (juvercrop 

I 

1 June 25 

75 

60 

73 

96 



1 August 20 

47 

57 

85 

109 



[ December 15 

105 

68 

96 

100 



j May 19 

56 

59 

118 

75 

Cletin-cuHivated check 



54 

73 

123 

82 



1 August 30 

53 

72 

70 

82 



[ December 17 


73 

110 

77 



f May 20 

93 

55 

71 

51 

Wiiiver covercrop of melilotuB 

1 

J unc 27 

83 

53 

66 

58 



September 2 

85 ' 

56 

62 

51 



[ December 18 

60 

63 

67 



1 

^ May 21 

96 

78 

93 

45 

Winter C/Overcrop of rvc 

J 

J une 30 

93 

69 

66 

45 


] 

September 3 

68 

55 

62 

50 


1 

^ December 19 

112 

73 

85 

37 


1 

May 2 

58 

78 

110 

104 

Clean-cultivated check 

J 

July 1 

62 

62 

103 

84 


I 

September 11 

87 

62 

76 

68 



December 22 

57 

101 

109 

56 
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MAGNESIUM 

The magnesium content (given in tables 17-20) follows that of Ca 
with extraordinary fidelity in the top 4 feet. Though it is generally 
somewhat lower in the surface 2 feet than is Ca, the divergence is not 

TABLE 17 

Magnesium Content op Soil Solution in Peach Series, Block A, 

IN Parts per Million op Displaced Solution 


Treatment 

Dat« 

0-2 

feet 

De 

2-4 

1 feet 

pth 

4-6 

feet 

6-8 

feet 


1 

' May 23 

63 

95 

286 

346 


J 

July 2 

48 

32 

162 

216 


1 

September 12 

88 

155 

212 

265 


1 

[ Deceml>er 3 

103 

102 

268 

265 



f May 26 

72 

61 

91 

149 

Alfalfa 


July 7 

87 

45 

72 

95 



[ September 18 

41 

61 

66 

82 


1 

f May 27 

45 

66 

108 

249 

Summer (jovercrop 


July 8 

63 

41 

95 

235 



[ September H 

80 

67 

147 

261 


1 

1 May 28 

37 

75 

179 

343 

Cloaii-cul ti vated check 

i 


47 

64 

179 

353 



[ September 19 

79 

96 

222 

295 


f May 29 

50 

75 

233 

303 

Winter covercrop of melilotus 


July 10 


71 

196 

291 



[ September 20 

78 

84 

125 

144 



{ May 30 

63 

72 

128 

141 

Winter covercrop of rye 


July 11 i 

83 

86 

117 

146 


1 

[ September 25 

81 

82 

137 

171 



f June 2 

67 

74 

189 

315 

Clean-cultivated check 




88 

168 

204 



[ September 27 

79 

117 

245 

297 


great. In the 6-8 foot zone, however, appears a marked divergence. Mg 
being much higher in many plots. In the alfalfa, rye, and melilotus 
plots, both Ca and Mg are reduced to a low level in the region below 4 
feet ; but in the check plots and in the summer covercrop plots the rela- 
tionship indicated is rather consistent for all fruits studied. Possibly 
Mg is more easily leached through a soil than is Ca, and has accumulated 
in the lower depths as a result of such leaching over the period of soil 
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TABLE 18 

Magnesium Content op Boil Bolution in Peach Series, Bloi^k B, 
IN Parts per Million op Displaced Solution 


Treatment 

Date 

1 

1 

i 

Depth 

0 2 
feet 

2-4 

feet 

4-8 

feet 

8-8 

feet 



March 21 

52 

66 

119 

155 



May 5 

62 

69 

118 

198 

Clean-cultivated check 


June 20 

42 

53 

133 

143 



August 12 

49 

83 

161 

188 



November 7 

103 

no 

160 

122 



March 1 

60 

41 

42 

57 



May 6 

71 

46 

46 

47 



June 19 

60 

42 

45 

51 



August 13 

57 

44 

48 

55 



November 8 

118 

77 

29 

66 



i May 7 

47 

78 

166 

247 

Summer covercrop 


1 June 18 

59 

56 

107 

196 



August 14 

38 

91 

170 

297 


1 

[ November 14 

90 

101 

237 

310 


1 

[ May 8 

40 

66 

165 

227 

Clean-cultivated check 

1 

June 17 

40 

50 

137 

208 



August 15 

74 

62 

136 

234 



^ November 23 

29 

84 

232 

316 



[ May 9 

46 

65 i 

121 

154 

Winter covercrop of inelilotus 


! June 16 

44 

42 

83 

132 



i August 16 

63 

72 

97 

147 



i November 25 

18 

91 

105 

147 


1 

May 12 

47 

70 

88 

87 

Winter covercrop of rye 

1 

June 13 

45 

55 

72 

89 


1 

August 21 

68 

! 73 

131 

107 


1 

^ November 29 

84 

94 

133 

129 


1 

' May 13 

46 

76 

134 

200 

Clean-cultivated check 

j 

June 12 

37 

48 

no 

191 



August 22 

80 

90 

140 

198 



^ December 2 

84 

57 

126 

134 


formation. No points noted in these data would indicate that the con- 
centration of Ca and Mg at any deiith at any time is not primarily a 
function of biological activity and^ in particular, of organisms affecting 
the nitrogen cycle. 
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TABLE 19 

Magnesium Content of Son. Solution in Pear Series, Block A, 
IN Parts per Million of Displaced Solution 


Treatment 

Date 

0-2 

feet 

De 

2-4 

feet 

pth 

4-6 

feet 

6-8 

feet 



[ June 3 

67 

68 

151 

210 

Clean-cultivated check 


1 July 16 

46 

55 

114 

203 



[ September 30 

87 

94 

166 

232 



f June 4 

42 

97 

108 

121 

Alfalfa 


July 17 

97 

55 

80 

104 



[ October 2 

83 

59 

79 

107 



I Junes 

47 

64 

119 

146 

Summer covercrop 


July 18 

51 

64 

66 

136 



[ October 3 

67 

61 1 

212 

96 



\ June 6 i 

99 

82 

146 

217 

Clean-cultivated check 


July 21 

48 

80 

122 

146 



[ Octobers 

122 

126 

162 

153 


1 

' J une 0 

59 

69 

89 

96 

Winter covercrop of melilotua 


July 22 

71 

71 

89 

74 


1 

October 10 

97 

92 

97 

91 



^ June 10 

59 

47 

64 

91 

Winter tiovercrop of rye 


July 23 

70 

61 

82 

91 



^ October 14 

83 

58 

85 

88 


1 

June 11 

46 

59 

116 

144 

Clean-cultivated check 

J 

July 24 

55 

65 

128 

144 



October 16 

136 

121 

217 

142 
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TABLE 20 

Magnesium Content of Soil Solution in Pear Seiues, Block B, 
IN Parts per Million of Displaced Solution 


Treatment 

Date 

0-2 

feet 

De 

2-4 

feet 

pth 

4-6 

feet 

6-8 

feet 



March 28 

60 

73 

153 

158 



May 14 

79 

77 

120 

106 

Clean-cultivated check 


June 23... 

46 

65 

114 

90 



August 23 

54 

58 

141 

125 



De('!einl>er 6 

106 

82 

127 

130 



March 22 

52 

69 

56 

55 



May 15 

97 

80 

68 

61 

Alfalfa 



74 

53 

64 

70 



August 28 

119 

49 

92 

79 



December 13 

105 j 

56 

81 

58 


1 

f May 16 

58 

67 

122 

177 

Sunimcr covercrop 

1 

f J une 25 

70 

69 

92 

160 



August 29 

31 

60 

107 

186 



[ December 15 

90 

1 

86 

120 

145 




53 

' 61 

147 

148 

Clean-cultivated check 


^ June 26 

46 

78 

141 

169 



I August 30 

46 

76 

154 

87 



[ December 17 


80 

136 

166 



[ May 20 

90 

62 

94 

104 

Winter covercrop of nielilotue 



78 

55 

84 

108 


1 

[ September 2 

75 

59 

61 

79 



[ Detrember 18 

53 

66 

81 




^ May 21 

90 

89 

117 

93 

Winter (X)vercrop of rye 


June 30 

91 

71 

87 

91 



1 September 3 

47 

41 

34 

66 



[ December 19 

113 

82 

110 

78 



[ May 22 

53 

92 

129 

144 

Clean-cultivated check 


Julyl 

57 

72 

19 

77 



September 11 

78 

66 

83 

93 



[ December 22 

54 

113 

135 

112 
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POTASSIUM 

The data concerning K concentration of the solutions studied bring 
out nothing new; they are therefore omitted. The K concentration 
decreases with depth. It is constant throughout the year, with minor 
fluctuations, indicating an equilibrium with the solid phase. Differences 
between fruits or between treatments are too slight and irregular to 
be given any importance. The concentration is rather low, averaging 
about 6 p.x).m. in the top 2 feet, less than 2 p.i).m. at 2-4 feet, and less 
than 1 p.p.m. below 4 feet; but it seems entirely adequate for normal 
growth of the trees. The point noted in the discussion of phospliate — 
that these are average values which may not represent the concentration 
at the absorbing surface — should be noted in this connection also. 

HYDROGEN ION CONCENTRATION 

Tlie pH of the displaced solutions has seemed not to vary enough to 
be significant. Of course, the changes effected by sampling, packing, and 
displacing might, by releasing COg, shift the pH slightly. Any shift 
from this cause is i)robably small, however, the solutions being alkaline. 
Perhaps the approximations reached by our methods are not accurate 
enough to justify the conclusion that changes in j)H are of little impor- 
tance. All the solutions are slightly alkaline. The surface soil generally 
has a pH of about 7.4 to 7.6. The alkalinity increases with depth to a 
pH of about 8.2 at 6-8 feet. As stated above, the hypothesis used to 
account for the IICOo, changes fits the facts of H ion concentration. In 
addition, organic matter decomposing in the upper soil might su]:)ply 
acids which would tend to give a more acid condition in that region. 

GROWTH AND FRUITING 

The circumference of the trunk of the tree has been taken as a con- 
venient measure of growth. The complete records are not presented; 
but table 21 gives the present circumference, representing growth for 
11 years in the case of block A, and 10 years in that of block B. These 
figures show that in the first eight years of differential covercrop treat- 
ment, no important differences have developed in size of trees. Nor, 
apparently, is there any indication that the rate of growth of any group 
of trees is being affected. 

The time of leaf fall in the autumn of 1932 has not been affected by 
any treatment. Differences that appeared in the cherry and apricot 
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t Block A, 1922 planting; block B, 1923 planting. 
♦ Sprouts from trunk killed by blight. 
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series in 1930 seem to have been associated with moisture conditions 
rather than with nutrition. So far, therefore, one mnst conclude that 
treatments which profoundly modify the soil solution have not affected 
the growth of the trees. It remains to be seen how long a differential NO3 
concentration can be maintained in the soil solution without affecting 
the growth of the tree. 


TABLE 22 

Total Kjlwjrams of Friut Borne by Trees in Covercrop Experiment 


j 

Plot 

Pear, 

A 

(1932) 

Prune, A 
(1930-32) 

Apri- 
cot, A 
(1920- 
32) 

Peach, 

A 

(1926- 

32) 

I’ear, 

B* 

(1932) 

Prune, B 
(1930-32) 

Apri- 
cot, B 
(1926- 
32) , 

i 

Peach , 

B 

(1926- 

32) 

French 

(Agen) 

Robe 
de Ser- 
geant 

French 

(Agen) 

Robe 
de Ser- 
geant 

Check 

355 

1,098 

747 

2,265 

4,445 

177 

572 

575 

1,141 

1,210 

Alfalfa 

382 

1,009 

440 

1,943 

4,017 

218 

649 

391 

936t 

901 

Summer cover- 











crop 

3.50 

1,218 

083 

2,138 

3,830 

230 

685 

703 

868 

1,581 

Check 

580 

839 

i 700 

2,101 

4,488 

373 

797 

677 

1,714 

976 

Melilotus 

345 

1,214 

131 

2,159 

6,484 

' 205 

504 

690 

1,481 

1,124 

Rye 

508 

1,183 

811 

2,012 

4,388 

327 

785 

713 

1,730 

1,790 

Check.. 

377 

088 

333 

2,017 

4,362 

218 

494 

on 

1,354 

2,690 


* Four trees of Bartlett per plot,, the other two being Hardy, which have not as yet produced fruit, 
t P’ive trees. 


Fruit production records add little to the interpretation of the data 
at present. A summary giving the production per plot to date appears 
in table 22 ; it shows that the yields of some fruit are much more uniform 
than those of others. No treatment has resulted in consistently high 
yields. The trees commonly believed to use most NO,., seem not to have 
had their yields depressed more than tliose needing relatively little. 

It may be stated in a sentence that after eight years’ treatment no 
certain differences have developed in either growth or fruiting. 


SUMMARY 

The data ol)tain(*d from analyses of soil solutions displaced from ()“2, 
2-4, 4-6, and 6-8 foot samples in peach, pear, apricot, and prune plots 
given differential covercrop treatments have shown that: 

The average of the 0-2 and 2-4 foot samples confirms previously 
reported results. 

The NO, 3 concentration in the 4—6 and 6-8 foot depths under peaches 
and apricots is higher than that under pears and prunes, in contrast to 
the opposite situation in the surface of 4 feet. 
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The NO3 concentration in the 4-6 and 6-8 foot samples is greatly 
reduced under alfalfa and winter covercrops as compared with clean- 
cultivated check plots. 

Plowing under alfalfa increased the NOy concentration strikingly in 
the surface 4 feet, but had little effect below that depth. Eeseeding 
alfalfa caused a reduction of NO3 to about the former level. 

The SO4 concentration under peaches and apricots is higher in tlie 
4-6 and 6-8 foot samples than tliat under pears and prunes. Tlie 
maximum SO^ concentration is usually in the 4-6 foot layer. 

In spite of additions of SO4 by irrigation water, there lias been little 
change in its concentration in the soil solution over tlie period studied. 

The HC();5 concentration is higher in the 4-6 and 6-8 foot sam])les 
than in the 0-2 and 2-4 foot samples. 

The nCO.j concentration is higher in the alfalfa and winter covercrop 
|)lots than in the checks. 

The chloride concentration is higher in the lower than the upper 
layers, with a maximum at 4-6 feet. 

The chloride concentration is higher under jieaclies and apricots than 
under pears and ])runes, and lower under alfalfa than under clean 
cultivation. 

The PO, concentration is higher in surface than in deeper samples, 
with a minimum at 4-6 feet. There are no other signifi(‘ant differences, 
seasonal or from ])lot to plot. 

The calcium concentratio]! varies in the same manner as that of NO^. 

The magnesium concentration parallels that of calcium except that 
it is lower in the 0-2 foot and higher in the 6-8 foot samples than that 
of calcium. 

The potassium concentration deiTeases with dejith, but otherwise 
does not vary significantly. 
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INTKODUCTION 

Although the watermelon, CAtridlus vulgaris Schrad., has been culti- 
vated in America since 1629^*^^ and in Africa for over 4,000 years, 
relatively little attention has been given to tlie effects of inbreeding, to 
environmental factors affecting fruit setting, or to measured varietal 
improvement through modern breeding methods. The effects of inbreed- 
ing assume economic importance because many watermelon varieties, 
normally subject to extensive cross-pollination, are apparently het- 
erozygous as to many characters, particularly those affecting plant 
vigor ; size, shape, and color of fruit ; color and texture of flesh ; sugar 
content ; and certain seed characters. 

Doubtless the most important improvement needed in watermelons is 
the development of strains resistant to the wilt disease, caused by 
Fusarium niveum E. F. S. Wilt is now" a factor limiting production in 
the Sacramento, San Fernando, and San Joaquin valleys of California 
and in many other states. As the fungus is well established in the south- 
ern states, growers have some diflieulty in locating disease-free soil. A 
single crop of watermelons often contaminates the soil to the extent that 
all subsequent crops may be seriously infected. Eventually, therefore, 
all the w^atermelon districts, each demanding a particular type of fruit, 
will probably need wdlt-resistant strains. 

As inbreeding must continue for several generations in order to 
establish homozygous wilt-resistant strains, workers evidently must 
(a) measure the effect of such inbreeding, (b) establish the mode of 
inheritance, (c) develop pollination technique, and (d) determine tlie 
occurrence of self -sterility. In the light of these needs, the w^ork reported 

1 Eeceived for publication April 13, 1933. 

2 Assistant Professor of Truck Crops and Assistant Olericulturist in the Experi- 
ment Station. 
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herein was initiated in 1929 and briefly reported in 1930/^^^ Previous 
experience with the wilt disease in Iowa, already described/ empha- 
sized tlie necessity of these investigations. The studies herein reported 
were conducted main]}" with the Klondike variety. 


HISTORICAL 

The effects of inbreeding have been more thoroughly investigated in 
the Cucurbitacicae than in any other family of vegetable crops. The 
earlier workers, Drude,^^' Lotsy,^^®> and Sinnot and Durham,'*^''* 
dealing with certain varieties of CiccAirhita pepo noted the extreme 
difficulty of effecting self-fertilization and agreed that sterility and loss 
of vigor combined to hinder the establishment of pure lines. Bushnell,^^' 
however, working with Hubbard squash (C. maxima) at the Minnesota 
station, concluded that inbreeding tended to isolate strains of high 
quality and marked uniformity, yielding only slightly less than the 
commercial check lots, and that Pi hybrids between the inbred lines 
sliowed only slightly more vigor than the inbred lines, or about the same 
amount as the commercial check lots. Rosa,^'^^ working with Cucumis 
melo in California, showed that the second generation of inbred lines 
of the Salmon Tint cantaloupe might yield more or less than the parent 
variety ; that lines differing in fruit shape from the parent variety could 
be isolated; and that there were slight differences in yield of seed, 
average weight per seed, and the development of fruit grooves and ribs. 
The report of Cummings and Jenkins^^^ from the Vermont station 
indicated that in (Jucurhita maxima continuous self-pollination did not 
influence seed viability nor induce degeneration of the species. 
Haber’s^'’* experience with Cucurhita pepo at the Iowa station showed 
the possibility of inbreeding the Table Queen (Des Moines) pumpkin 
and, at the same time, isolating strains that produce fruits of uniform 
size, shape, and quality. With the exception of preliminary studies 
made by the writer^^^^ and a brief report by Rosa,^’'*^ breeding work 
with the watenmdon has been limited to the development of resistant 
strains by Ortord'^' and by Porter and Melhus.' Orton, although 
not attempting to cross pure lines, did report that extremely vigorous 
Fj hybrids resulted from crosses of the edible variety Eden with the 
noiiedible “citron.” By continued selection within hybrid material, he 
isolated and named the wilt-resistant variety Conquerer. In the writer 
experience at the Iowa station, neither self-sterility nor api)arent loss 
of vigor was encountered during three generations of inbreeding in the 
Kleckley Sweet watermelon. 
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Although, in general, neither consistent loss of vigor nor appreciable 
decrease in yield has appeared during inbreeding in the family 
Cucurbitaceae, just the reverse is true of Zea mays, likewise chiefly 
cross-fertilized. As shown by the work of East,^^^ Shull, and others 
on maize, marked loss of vigor results from inbreeding the progeny of 
individual plants for three or four generations. Prom the fifth to the 
seventh generations, apparently, the inbred lines approach homozygosity 
for the factors governing yield. 


FLOWERING HABIT AND FLORA 1j STRUCTURE 

Most watermelon varieties prcxliice staminate and pistillate flowers 
separately in the axils of the leaves. In some varieties — Angeleno, 
Chilean, Baby Delight (Hungarian Honey), and Winter Queen — 
hermaphroditic flowers are often, but not always, borne in place of 
pistillate. They produce an abundance of pollen, apparently indis- 
tinguishable from that i^roduced by staminate flowers on tlie same plant. 
Rosa^^^^^ has reported, and the writer has observed, that pistillate 
flowers are not fertilized if bagged before anthesis, a fact indicating 
the complete absence of parthenocarpy in several varieties of the species. 

The ratio of instillate or hermaphroditic to staminate flowers is not 
constant. Although actual counts have indicated a ratio of approx- 
imately 1 to 7 in the most important commercial varieties, female 
flowers are sometimes found at every third, fourth, ninth, or tenth node. 
They have, furthermore, been obst^rved at adjacent nodes as well as in 
pairs at a single node. Though liermaphroditism might be considered 
desirable, as serving to increase the probability of self-pollination, no 
one, apparently, has attempted to introduce this characteristic into 
Klondike or other important commercial varieties. Obviously, not all 
the pistillate flowers set fruit; indeed, the average number of fruits per 
plant in Klondike (commercial lots) is probably less than 6 under field 
conditions, while many plants form 40 or more pistillate flowers during 
the blooming period. 

Though the Klondike flower type is adapted to complete cross fertili- 
zation, the amount of natural crossing in the field has never been 
measured. Apparently, however, the first pistillate flowers to open, on 
a given plant, are more likely to be self-pollinated than tliose that open 
after the vines begin to intermingle. Pollination seems to be almost 
entirely the work of insects. 

The number of flowers that open daily on a given ifiant is exceedingly 
variable, probably depending upon the age and vigor of the plant and 
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upon en vironmental factors during the preceding day and night. Under 
normal growing conditions, open female flowers are usually found 12 
to 18 inches from the outer extremity of the runner. If there is insuffi- 



Fig. 1. — Watermelon pollination, showing three stages in the life history of the 
pistillate flower. Left, open pistillate flower with a willed corolla and withered 
stigma 24 hours after aiitbesis, showing open staminate flower at a younger node. 
Middle, pistillate flower two hours after antlieais, showing dehiscing staminate 
flower at an older node. Bight, pistillate flower about 24 hours before anthesis, show 
ing staminate flower at an older node. 


cient soil moisture, abnormally high temperature, or disease infection, 
flowers may open within 2 inches of tliis outer extremity. In such cases, 
however, fertilization has not been observed to follow pollination. 
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Under environmental and cultural conditions in the Sacramento and 
San Joaquin valleys of California during June, July, and August, both 
pistillate and staminate flowers usually open between 6 and 8 a.m. The 
time apparently depends upon the air temi)erature during the preceding 
night. If the night is unusually warm (60"^ to 70° F), many flowers are 
fully open by 6 a.m. ; if cool, the time of flower opening is delayed. 
Pollen is often shed one to three hours before anthesis; and dehiscence 
often continues until late afternoon, when the corolla closes and the 
anthers begin to wither. These investigations have not definitely deter- 
mined the length of time the pollen remains viable, nor the relation of 
temperature to rate of pollen germination and pollen tube growth. The 
stigmatic surface appears receptive at anthesis and generally remains 
sticky until the corolla closes. 

Although anthesis of pistillate and staminate flowers is usually simul- 
y>.neous, in the former case it is almost invariably found at the younger 
node on a given runner (fig. 1) and is usually accompanied by one to 
three open staminate flowers at nodes immediately preceding. In her- 
maphroditic flowers, anthesis seems to be considerably retarded. Within 
their closed corolla, pollen may be shed and the stigma may appear 
receptive 24 hours before anthesis. At this time, self-fertilization may 
be effected if the corolla is oi)ened artificially and the pollen applied to 
the stigmatic surface. In hermaphroditic flowers at anthesis, the ovaries 
and stigmas are relatively larger than in purely pistillate flowers of the 
same variety. 


POLLINATION TECnNIQUE 

The technique of artificial self-pollination is essentiall}" the same for 
all varieties of Ciirullus vulgaris except the hermaphroditic; in the 
latter case, staminate flowers need not be bagged before anthesis, as the 
hermaphroditic ones produce sufficient pollen. The following descrip- 
tion applies to varieties producing purely staminate and pistillate 
flowers. Within 24 hours (or less) before anthesis, pistillate and stam- 
inate flowers are selected and are covered with a small muslin bag 
having a draw string (figs. 2, 3, and 4). The former are always younger 
than the latter and are located at nodes farther from the crown of the 
plant. As soon as possible after anthesis, these clotli bags are rcmioved, 
the staminate flower is pinched off, and pollen is applied to tlie stigmatic 
surface. A one-pound manila paper bag is then slit for about three in dies 
down each side, folded tightly over the pollinated flower, and fastened 
with a clip (fig. 5) . After two days, this paper bag is removed. In making 
crosses involving hermaphroditic flowers, one must emasculate before 
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Fig 2 — Equipment used in watermelon pollination Two cloth bags for c ovcring 
flovMr buds, on( pound manila paper bag for scrcdung pistillate* flowers after 
pollinaiion , paper eh]) foi holding iiaper bag in plaee to pi event insect \i8itation; 
and label for recording pollination data as explained in text 



Fig. 3. — Watermelon jiollination, showing cloth bags in place over pistillate 
flower A and stamiiiate flower B These bags are placed over the flower buds during 
the afternoon or evening immediately preceding anthesis. They are rarely entered 
by insects. 
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deiiiscence as well as before anthesis. Experience has shown that if 
emasculation is delayed until pollen has dehisced, contamination may 


r ig. 4. — Watermelon ijollination. Cloth bags removed during tlie morning, show- 
ing receptive pistillate flower yl, and dehiscing staminate flower B. Note the relative 
position of these two flowers, with the staminate flower at an older node than the 
pistillate. 


Pig. 5. — Watermelon pollination. Paper bag securely fastened over pollinated 
pistillate flower with pollinating data on tag, translated as follows : strain 5, plant 
2; selftid July 5; 9 a.m. j female, large, receptive; runner medium; yes (meaning 
that fruit setting is predicted) . 


In the earlier work, manila paper bags were placed over both types 
of flowers before anthesis. Although equally effective, their use requires 
much more time ; so, later, cloth bags were used for staminate, paper 
bags only for pistillate, flowers. In only a very few instances, when the 
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cloth bags were removed, certain insects were found feeding on the 
pollen. Still later, cloth bags served for both types of flowers. During 
seven seasons’ work, using cloth bags before anthesis, no evidence of 
contamination has appeared, even where ten or more varieties, including 
the inedible citrons, were grovang within a few feet of one another. 
Occasionally ants, beetles, or other insects were found inside the bag at 
anthesis ; but such flowers, even if hermaphroditic, were destroyed. 

Although these cloth bags expedite the work under interior Cali- 
fornia conditions during June, July, and August, they might prove less 
satisfactory in localities where heavy dews fall at night. Under these 
circumstances, within the writer’s experience in Iowa, certain molds 
sometimes develop on the stigma after pollination, causing rot or blight. 
Paper bags, in such cases, are more likely to shed water. 

In the earlier work, camel’s hair brushes were used for all pollina- 
tions ; they had to be dipped in alcohol and allowed to dry before being 
used again. This practice necessitated the employment of a pollinating 
kit and increased the amount of work necessary for each pollination. 
At present, all pollinations, whether ‘‘seifs” or “crosses,” are made by 
removing the staminate flower wdth the thumb and finger, care being 
taken that no part of the hand makes contact with either pollen or 
stigma. Because of the precautions taken, no contamination hasappeared 
during four seasons, and the amount of labor necessary for each pollina- 
tion has been materially decreased. 


METHODS AND MATERIALS 

Unless otherw ise specified, all results here presented were secured with 
inbred strains of Klondike. This variety is said to have originated as a 
mutation in a watermelon field in southern California about 25 years 
ago. Most of the seed used in 1930 had been inbred for four generations, 
that in 1931 for five, and that in 1932 for six. Presumably, the homo- 
zygous nature of the plants used makes the results more reliable than 
with commercial stocks. This fact is particularly significant with respect 
to self-sterility, relation between weather and fruit setting, yield per 
plant, and pollination technique. 

The distance between rows was 9 feet and that between hills in the 
row, 6 feet. Surface-disinfected seed was used, and the resulting plants 
w^ere thinned to three, later to two, and finally to one per hill. Diahrotiea 
beetles were controlled by the use of calcium arsenate mixed with lime 
(1:20) ; an occasional infestation of aphids was checked by the use of 
nicotine dust. With these precautions, approximately perfect stands 
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were secured during the three years. Normal rate and frequency of 
irrigations were employed. Unless otherwise specified, the trials were 
replicated to overcome soil heterogeneity. The plants began to bloom 
in June (fig. 6), and the first ripe melons were harvested in late July or 
early August. 

At harvest, or very soon after, record was made of individual fruit 
weight to the nearest half pound ; of fruit sha])e, based on the equatorial 
and polar diameter measurcunents to the nearest half inch ; of skin color 



Fig. 6. — Watermelon pollination, showing progress made within four days after 
pistillate flowers began to open. When the paper bags are removed, on the second 
day after pollination, wooden stakes indicate the location of the pollinated flower. 
Periodic examination of these pollinated flowers provides the data on fruit setting. 

and indentation ; of rind thickness and toughness ; of flesh color, texture, 
solidity, and relative sweetness (by taste) ; and of seed size and seed- 
coat color. From the data on individual fruits, each plant and each 
inbred strain was arbitrarily rated. 

Throughout these investigations a simple pedigi-ee system, initiated 
by the late Dr. J. T. Rosa, at this station, has been used. Each variety 
was designated by a number, Klondike being No. 39. Strains designated 
as 39-5 and 39-9 indicate that selfed melons were secured from plants 
5 and 9, respectively, of variety 39. Strains 39-5-3 and 39-5-3-2 w^ere 
inbred two and three generations, respectively. The original seed of 
variety 39 was selected by Dr. Rosa from a bulk lot produced by a seeds- 
man at Modesto in 1923. At that time, black-seeded Klondike strains 
seemed to be in demand ; and annual selections for this character have 
been made (fig. 7), 
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Fig. 7. — Variation in size and color of seeds produced by com- 
mercial stocks, left; by California Klondike 1, upper right; and 
by California Klondike 9, lower right. 


EXPERIMENTAL RESULTS 

In 1930, the investigations were confiiied to measurement of the 
effects of inbreeding; commercial stocks were compared with strains 
inbred for one, two, three, and four generations. Particular attention 
was directed to plant vigor, number of fruits and average yield per 
plant, and such fruit characters as date of maturity, size, shape, color, 
rind thickness, flesh color, and texture, as well as seed size and seed-coat 
color. In Imperial Valley, strains that produce relatively small, early- 
maturing fruits are much in demand, because the crop from this district 
begins to ripen in May with a high price per pound ; growers have found 
it easier to sell a melon averaging 18 pounds rather than 25. In the San 
Gabriel, San Fernando, San Joaquin, and Sacramento valleys, however, 
the need for a small, early-maturing melon is less, for the crop begins 
to ripen much later than in Imperial Valley. Growers in these districts 
prefer a melon averaging 22 to 25 pounds and need more uniform stock 
of higher flesh quality than is now generally available. 
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PLANT VIGOR 

In 1930, the strains indicated in table 1 were compared with respect 
to relative vigor of the plants. As it was physically impossible to 
measure accurately the leaf area or runner length, measurements of 
relative plant vigor consisted in observing the rate of x)lant growth 
during the season. An arbitrary classification was established as indi- 
cated in table 1. Relative vigor was recorded on June 6, July 1, and 

TABLE 1 

Effect of Continued Inbreeding on Plant Vigor in Watermelons; 1930 


Pedigree 

Number of 
generations 
inbred 

Relative vigor* 

June 6 

July 1 

August 19 

Average for 
the season 

Klondike (commercial) 


17 

2 4 

2 8 

2,32 

39-6 

1 

2 4 

2.3 

2 8 

2 61 

39^-3 1 

2 

2 3 

2 4 

3 0 

2 53 

39-5-3-2 

3 

2 1 

2 3 

3 0 

2 47 

39-6-3-2-9C 

4 

2 4 

2 4 

3 0 

2 62 

39-6-12a 

2 

2 3 

2.6 

3.0 

2.71 

39-6-12a-2 

3 

2.8 

2 3 

3 0 

2 70 

39-6-12a-2-l 

4 

2 6 

2.5 

' 2.8 

2,69 

39-6-3-3 

3 

2.2 

3,1 

2 5 

2 45 

39-6-3-3-1 

4 

1.8 

2 3 

3 0 

2.48 

39-9 

1 

2 6 

2 6 

3 0 

2 70 

39-9-3 

2 

2 0 

2 3 

3 0 

2 43 

89-9-3-2 

3 

2 5 

2 2 

3 0 

2.56 

39-9-3-2-2 

4 

2 5 

2.5 

3 0 

2 66 

39-9-3-4 

3 

2 7 

2 4 

3 0 

2.72 

39-9-3-4-9a 

4 

2 8 

2 4 

3 0 

2 79 


* Relative vigor of the unit 1 indicates a comparatively slow-growing vine; the unit 2 
shows more thrifty growth than 1 ; 3 is most thrifty of all. 


August 19 ; the figures were averaged for each strain with the results 
presented in the table. Obviously, this type of measurement is rather 
crude ; but the data are presented to indicate that there was, to the eye 
at least, very little difference in relative plant vigor between the various 
inbred strains and the commercial stock. 

Similar observations and records were likewise made during 1931 and 
1932, with practically identical conclusions, even though in one strain 
fruits matured earlier than in others. This early-maturing strain was 
no more vigorous; but, as will be shown later, the number of days 
between blooming and fruit maturity was less than with others. 

Three years^ observation, therefore, indicates that inbreeding of the 
Klondike does not tend to reduce plant vigor. On the contrary, the vines 
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of individual inbred strains. were more uniform in rate of growth than 
those of commercial stocks, where both extra-vigorous and relatively 
slow-growing vines were found. Apparently inbreeding tends to estab- 
lish homozygosity of those factors responsible for rate of plant growth. 


NUMBER OF FRUITS PER PLANT 

Except in a few instances, indicated below, no attempt was made 
actually to count fruits produced by individual plants, because, when 
harvesting began, the vines were so intermingled that considerable 
injury would have resulted. The relatively large number of fruits pro- 
duced and the number of replications contribute to the accuracy of the 
results secured. All mature fruits were included, except those infected 
with blossom-end rot {Pythium) or otherwise malformed. 

Results in 1930 . — Commercial Klondike produced 6.3 fruits per j^lant 
(table 2), while, with the exception of 39-5-3-2-9, the inbred strains 
averaged from 6.7 to 9.9. The significance of these differences cannot be 
statistically determined because the actual number of fruits per plant is 
unknown ; however, with such a large total involved per strain, some 
of the differences are probably significant. At least, inbreeding evidently 
did not diminish the numt)er of fruits produced per plant ; the tendency 
was for an increase. 

When fruits are sold at a certain price per pound, the total weight 
per plant is probably just as imi)ortant as the total number. Late in the 
season, however, fruits are often sold not by the pound, but at a certain 
price apiece ; and the number of fruits per plant then assumes consid- 
erable economic importance. An increased number of fruits per plant 
does not necessarily indicate an increase in the total weight per plant : 
decrease in individual fruit weight might tend to diminish total yield 
even with substantial increase in number of fruits. 

Though the inbred strains, in general, tended to ])roduce more fruits 
per plant than commercial stock, considerable variation appeared among 
the strains of the former group. Strain 39-5 produced 8.5, strain 39-5-3 
produced 8.3, strain 39-5-3-2 produced 7.5, and strain 39-5-3-2-9 
produced only 6.2 fruits per plant, indicating a gradual reduction with 
continued inbreeding. Strain 39-5-3-3 produced 8.0 while 39-5-3-3-1 
produced 9.9 fruits per plant ; and whereas 39-5—12 produced 6.7, strain 
39-5-12-2 produced 7.9, and 39-5-12-2-1 produced 7.6 fruits per 
plant. With continued inbreeding in the 39-9 strain, the number of 
fruits per plant varied only slightly. Apparently, therefore, the average 
number per plant after continued inbreeding, maybe extremely variable. 
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Yield and Type of Fruits Produced by Inbred Klondike Strains Compared with Commercial Klondike j 1931 
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Results in 1931, — Whereas, in 1930, strains inbred for one to four 
generations were compared with commercial stocks, in 1931 commercial 
stocks were compared with 20 strains inbred for five generations. As 
in 1930, inbred strains tended to yield more fruits per plant than com- 
mercial stock, this being true of 13 of the 20 strains tested (table 3). 
The average yield per plant of commercial stock was significantly less 
in 1931 than in 1930. Extremely hot weather during July, 1931, appar- 
ently tended to interfere with fruit setting. The inbred strains varied 
considerably, but inbreeding evidently did not tend to decrease con- 
sistently the number of fruits per plant. 

Results in 1932 , — Though only 10 inbred strains were compared with 
commercial stocks in 1932, the exact number of melons produced by 
each of the 237 plants was recorded ; and in table 4 in the column headed 
'^Average number of fruits per plant,” the figures represent the com- 
puted mean. Of the 10 strains tested, 7 produced more fruits per plant 
than commercial stock, again indicating that many inbred strains pro- 
duce as many as commercial stock, or more. 

Discussion . — According to the data above, our present seed supply of 
inbred Klondike strains may be safely increased and distributed 
through seed trade channels without danger of decreasing the number 
of fruits per plant. In fact, statistics^- show that for watermelons the 
average number of fruits for the United States in 1930 was only 322 
per acre. During the same period (table 5), the average number in 
Imperial Valley was 654, while in other districts in California it was 
775 per acre. 

TABLE 5 

Number of Watermelon Fruits per Acre for the Important Districts 
OF THE United States 


Number of fruitB per acre* 


State 

1928 

1929 

1930 

Average 

Georgia 

300 

340 

350 

330 

Florida 

275 

288 

273 

279 

Texas 

250 

180 

235 

222 

South Carolina 

300 

330 

325 

318 

California 

601 1 

732 

720 

714 

Alabama 

250 i 

320 

380 

317 

Missouri 

286 ; 

272 

190 

249 

North Carolina 

300 

180 

270 

250 


. * Data taken from a published Bummary(*3) of the Bureau of Agricultural Economics, 
United States Department of Agriculture. 


With a planting distance of 9 by 6 feet and thinning to one plant per 
hill, 660 plants may be produced on one acre. Since many growers thin 



Sept., 1933] 


Porter: Watermelon Breeding 


601 


to 2 plants per hill, with 1,320 plants per acre they should be able to 
produce 2,500 fruits. With improved Klondike strains the average for 
California might well be increased to 1,000 fruits per acre. In an exten- 
sive planting in Imperial Valley in 1932, comparing commercial stock 
with 10 of our inbred strains, a significant difference noted by the coop- 
erator w^as that the inbred strains produced relatively few cull fruits. 
Experience at Davis has shown this observation to be correct. Inbreed- 
ing and selection tend to eliminate inferior plants and to allow for 
gradual improvement witliin the variety. Seedsmen could well afford to 
devote considerable attention to watermelon breeding. 


TOTAL YIELD IN POUNDS PER PLANT 

The total yield per plant, in pounds, is determined both by the weight 
and by the number of the fruits. Some small -fruited varieties such as 
Winter Queen and Baby Delight (Hungarian Honey) are commonly 
known to produce many more fruits per plant than siudi large-fruited 
varieties as Tom Watson and Thurmond Gre}^ The fact that a plant 
produces relatively few medons does not necessarily indicate a low 
total yield. 

Results in 1930 , — As it was physically impracticable to record the 
actual yield of each jilant separately in 1930, the data re])resent only 
mathematical averages. Of 14 strains under comparison (table 2), 11 
produced a greater total yield than the commercial stock, and only 2 of 
the remaining 3 produced significantly less. There is, furtliermore, no 
consistent evidence that continued inbreeding of a particular strain 
causes any significant decrease in total yield. In the progeny of 39-9, a 
gradual increase in average plant yield appeared with continued 
inbreeding, even though average fruit weight remained fairly constant. 
In the inbred progeny of strain 39-5, an additional generation of 
inbreeding sometimes lowered and sometimes increased total yield per 
plant. Evidently, then, total plant yield, expressed in terms of fruit 
weight, was not significantly lowered by inbreeding. 

Results in 1931 , — Average yield per plant in 1931 was determined in 
the same manner as in 1930 (table 3). Of 20 strains tested, 11 pro- 
duced a higher and 8 a lower yield than commercial stock. The 
5 progeny of strain 39-5-12 coiivsistently produced a lower yield; and 
two strains, 39-5-12-1-1-1 and 39-5-12-2-4-3, also xiroduced fruits 
significantly smaller than commercial stock. These strains have been 
discarded. With two exceptions, the progeny of strain 39-5-3-2 con- 
sistently produced a high average plant yield ; and several seed com- 
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panies are now increasing the seed supply of this strain for distribution 
as California Klondike. 

Results in 1932, —The progeny of strains 39^5“-3-2 and 39-^«4-3 
were compared with commercial stock in 1932 (table 4), but the yield of 
each plant was exactly determined by individual records. As the data 
show, the progeny of the former strain yielded more and that of the 
latter strain less than commercial stock. Since the progeny of strain 
39-5-4-3 tend to mature fruit somewhat earlier than any others, inbreed- 
ing of this strain will be continued, its fruit being also of desirable type, 
size, and quality for Imperial Valley conditions. 


AVERAGE WEIGHT PER FRUIT 

As previously stated, growers in Imperial Valley prefer a smaller 
fruit than those in districts where the watermelon crop matures later. 
Often a relatively small-fruited strain produces more melons per plant 
than one larger fruited ; hence there might be no significant decrease in 
total yield per plant even though the melons were of smaller size. An 
ideal Klondike type for Imperial Valley conditions would be a strain 
producing fruits of uniform type and high quality and maturing three 
to four per plant with an average weight of 18 to 20 pounds. In districts 
where the fruit ripens later than in Imperial Valley, the same general 
type is desired ; but growers prefer a strain producing an average fruit 
weight of 22 to 25 pounds. 

Results in 1930 . — As each melon was w^eighed separately, the average 
weight could be ascertained and statistical formulas applied in order 
to evaluate the difference between inbred strains and commercial stock. 

From the original data for each strain were prepared class-frequency 
tables showing the weight of individual fruits. The means were then 
computed. The standard deviation as well as the probable error of the 
mean was determined by the usual method, and the probable error of 
the differences was computed. The difference in mean weight was con- 
sidered significant only when at least three times the probable error of 
the difference. 

The data derived from the 1930 trials, as presented in table 2, indi- 
cate a general tendency for the mean fruit weight of inbred strains to 
fall below that for commercial stock. This decrease was significant in 
only 6 of the 15 strains tested, and 4 of these showed an increase in 
plant yield because more melons were produced than in commercial 
stock. Because strains 39-5-12 and 39-e5-3-3 produced such small fruits, 
they and their progeny have been discarded. 
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Though none of the inbred strains produced heavier fruit than com- 
mercial stock, a study of the frequency distribution based on actual 
fruit weight shows greater uniformity among inbred strains than in 
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Fig. 8. — Frequency distribution of commercial Klondike, C, and 
two inbred strains, on the basis of individual fruit weight; 1930 
data. 


commercial stock. This was marked in 39-5-12, a small-fruited strain, 
and evident in 39-9-3-2, the largest-fruited strain tested in 1930 (fig. 8) . 
Inbreeding apparently serves to isolate both small and large-fruited 
strains and tends to establish uniformity with respect to fruit size. 
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Results in 1931 . — In 1931, two strains produced significantly heavier 
and two significantly lighter fruit than commercial stock (table 3). 
Whereas strain 39-5-12-1-1-1 has been discarded on account of inferior 
quality, the seed supply of strain 39-5-4-3-6-1 has been increased for 
distribution because the fruit seems to mature a few days earlier than 
among other strains. Though the mean weight of fruits of inbred strains 
seldom differed significantly from that of commercial stock, statistical 
examination consistently indicated that the former were much more 
uniform, with a much smaller standard deviation, than the latter. 
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jPig. 9. — Frequency distribution of commercial Klondike, C, and 
two inbred strains, on the basis of individual fruit weight; 1932 
data. 

Results in 1932 . — The strains tested in 1932 had been inbred for six 
generations (table 4) . Of 10 inbred strains, 3 produced heavier and only 
1 lighter fruit than commercial stock. Almost without exception, the 
fruits of the former were much more uniform in weight, than the latter. 
The frequency distribution of strains 3 and 9 is compared in figure 9, 
with commercial stock (), indicating the more pronounced fruit weight 
uniformity among the inbred strains. At present, strain 3 seems to be 
the most desirable of the many inbred strains for seed increase and dis- 
tribution to the trade. It will be later described in detail. 
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Discussion , — On the basis of mean fruit weight in combination with 
many other desirable fruit and vine characteristics, the seed supply of 
strains 1 and 2, each inbred for six generations, will be increased and 
distributed to the trade with a recommendation for truck gardening 
and home use. Although somewhat small for commercial use in the 
important districts of the state, the fruits are of extremely high quality. 
Strain 3 appears ideal for Imperial Valley conditions, being of desir- 
able weight, shape, and quality, with satisfactory yield per plant. When 
tested in Imperial Valley in 1932 in competition with nine other inbred 
strains and commercial stock, it manifested qualities desirable for that 
district. At Davis in 1932, one plant of strain 3 produced seven mature 
melons, weighing 16, 16, 23, 23, 24, 25, and 26 pounds respectively, an 
average weight of 21.7 pounds. As three of these melons resulted from 
artificial self-pollination this new strain will probably continue to pro- 
duce large fruit and be adapted to districts where fruit matures later 
than in Imperial Valley. 

FRIIIT-SIIAPE INDEX 

The lack of desirable fruit-shape uniformity in commercial Klondike 
stock has led many growers to conclude that this variety is “running 
out” with continued culture in California. In some districts this lack 
of uniformity has led to the substitution of certain otlier varieties lower 
in flesh quality than Klondike. In commercial fields, cpiite diverse fruit 
types are common, some long and slender, others decidi^dly oval to nearly 
round. Whether this variation results entirely from segregation or from 
varietal mixtures is not known, but certainly we need strains that will 
produce fruits of more uniform shape. 

Fruit-shape index was determined by dividing the equatorial by the 
polar diameter. Individual fruits were measured to the nearest half 
inch. Thus, if a fruit measured 16 by 8 inches, the shai)e index (ignoring 
the decimal point) was 500. Desirable fruit-shape index for tlie Klon- 
dike variety lies between 500 and 625. If less than 500, the fruit is con- 
sidered too slender ; if more than 625, too blocky. During these investi- 
gations, fruits have been found with shape indexes as low as 388 (18 
by 7 inches) and as high as 1,333 (9 by 12 inches). Inbreeding tends to 
isolate these undesirable types and permits their elimination. Fruits of 
uniform weight and shape are easily loaded for shipment and reach the 
market with minimum bruising and breakage. They also make a more 
attractive display. 

Results in 1930 . — The fruit-shape index of fourteen inbred strains is 
presented in table 2. With three exceptions, the differences were sig- 
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Fig. 10. “Frequency distribution, based on the ratio of equate 
iial to polai truit diameter, of eomincicial Klondike, 0, and two 
inbied strains,* 1930 data. 
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Fig. 11. — Frequency distiibution, according to fruit shape, of 
strains inbred for one, two, three, and four generations, showing 
the effects of selection toward oblong fruits j 3930 data. 
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iiifieant. One should note that within strains 39-5 and 39-9, selections 
were purposely made for oblong fruit shape. With continued inbreeding 
of strain 39-5 to 39-5-3-2-9 and with conscious selection of oblong 
fruits, the fruit-shape index decreased from 851 ±: 5.9 to 627 dz 3.8. 
Pour generations of inbreeding, with particular attention to desirable 
fruit shape, tended to eliminate the undesirable types. With respect to 
fruit shape, among commercial stocks and two strains (39-5-12-2 and 
39-9-3-2) each inbred for three generations, figure 10 indicates that 
this character was becoming fixed. The spread among commercial stock 
varied from 400 to 1,100, that of 39-5-12-2 from 700 to 1,300, and that 
of 39-9-3-2 from 400 to 900. 



4Ja SOO SSO 600 6S0 roo 7S0 600 

Fruit Shape 

Fig. 12. — Frequency distribution, according to fruit shape, of 
commercial Klondike, (7, and strains 3 and 9j 1932 data. 

The frequency distribution of 39-5, 39-5-3, 39-5-3-2, and 39-5- 
3-2-9, as indicated in figure 11, shows that continued selection and 
inbreeding for four generations tended to stabilize fruit shape. The 
spread of 39-5 was from 400 to 1,200 (mean 851 ±; 5.9) ; that of 39-5- 
3-2-9, from 400 to 1,000 (mean 627±:5.1), with 80 per cent of the fruits 
indexing between 500 and 700. 

Results in 1931 . — Of 20 strains tested, all were of more desirable fruit 
shape than commercial stocks (table 3). The differ ences were less pro- 
nounced than in 1930, because all the inbred strains had been inbred 
for five generations, with selection for desirable type. All the strains, in 
fact, showed a fruit-shape index between 500 and 625. Undesirable fruit 
types had been eliminated. 
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Results in 1932 , — The ten strains tested in 1932 had been inbred for 
six generations (table 4), and all were within the range of desirable 
fruit shape. Six strains differed significantly from commercial stocks in 
fruit shape, all being more desirable. In figure 12, commercial stock C 
shows a range from 400 to 800 (standard deviation 70.9) ; strain 3(39- 
5-3-2-5-1-1) from 450 to 700 (standard deviation 54.2) ; and strain 
9(39-5-4-3-6-1-22) from 500 to 700 (standard deviation 42.1). Ac- 
cording to these data, six generations of inbreeding, with elimination of 
undesirable fruit types, served to fix the character for desirable type. 
As indicated earlier, strain 3 has proved well adapted to commercial 
production. 

DISCUSSION OF INBREEDING EFFECTS AND RESULTS 

Inbreeding of Klondike watermelons, therefore, does not consistently 
lessen plant vigor, number of fruits, nor total yield per plant, and may 
serve to isolate strains that produce fruits of weight and type equal or 
superior to commercial stocks. The practice of inbreeding does not serve 
to create new strains ; rather, it improves the stocks by uncovering cer- 
tain undesirable types that should be eliminated. 

One should note that certain inbred strains seem actually to have lost 
vigor, as expressed in terms of weight and number of fruits per plant. 
Such strains have been discarded, for the purpose of our breeding work 
is primarily to improve commercial stocks, not to examine the genetic 
constitution of the inbred strains. Certain strains, however, now inbred 
for six generations, are no less vigorous than commercial stock. The seed 
supply of such strains has been or will be increased for distribution to 
growers and seedsmen, with the assurance that it will produce more 
uniform fruits of higher flesh quality than commercial stock and will 
yield equally well. Evidently, furthermore, in commercial stocks, rela- 
tively few of the genetic factors governing plant vigor exist in the 
heterozygous condition, for the inbred strains tend to fluctuate only 
slightly from the yield of commercial stocks. If a large number of the 
vigor factors were in the heterozygous condition, yield fluctuations 
would probably be greater. 

No data have been presented to indicate the effects of inbreeding on 
fruit-skin color ; on rind thickness and toughness ; on flesh color, texture, 
solidity, and sugar content ; nor on seed size or seed coat color. Obvi- 
ously considerable diversity exists among these characters, and though 
certain of them have received well-merited consideration, their uni- 
formity and variation among inbred strains could not always be meas- 
ured accurately. 
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The late Dr. Rosa at first made particular effort to improve flesh 
quality and at the same time to incorporate the black-seeded character. 
Though all the more desirable inbred strains now i)roduce black seeds, 
this character is not considered so important as formerly. The seeds of 
the inbred strains are significantly smaller, with more per pound, than 
in commercial stocks (table 6). This character is of some importance, 
for it increases the acreage that may be planted with a certain quantity 

TABLE 6 

Variation in Number of Sefj)s per Pound Among Commercial 
AND Inbred Klondike Watermelon Strains 


Year 

grown 

Place grown 

Stock 

Seeds per 
pound 

1930 

Los Angeles 

Commercial 

6,019 

1930 

Los Angeles 

39-5-3-2-9-op* 

11,222 

1931 

Los Angeles 

Commercial 

8,799 

1931 



7,149 

5,748 

1932 

T.os Angeles 

Commercial 

1932 

Los Angeles 

39-5-4-3-6-1-3 

11,604 

1932 

Los Banos 

Commercial 

6,864 

9,243 

1932 

Los Banos 

39-6-3-2-1-1-5 

1932 

Modesto 

39-5-3-2-6-op-op 

8,962 

1932 

Modesto 

39-5-4-3-6-1-6 

8,853 

1932 

Davis 

Commercial 

7,113 

1932 

Davis 

39-5-3-2-1-1 -op 

8,449 

1932 

Davis 

39-5-4-3-6-1-18 

9,265 


* The deBignatiou “op” means open-pollinated. 


of seed. With resjieet to flesh characters, much uncontrollable variation 
exists because not all fruits can be harvested at the same stage of 
maturity. Hence the uniformity of this character has been measured, 
relatively, by a large number of fruits of all strains. The importance of 
a rind strong enough to withstand shipping has been realized; and, 
though the most desirable inbred strains produce relatively thin rinds 
(Vi to V 2 inch), tests have shown that the fruits will endure rough 
handling with minimum breakage. 


DESCRIPTION OF IMPROVED STRAINS 

Cooperative field tests of the more desirable inbred strains, with com- 
mercial stocks as checks, have been made annually since 1930. These 
tests have been conducted with growers and seedsmen in Imperial, 
Riverside, Los Angeles, Kern, Tulare, Stanislaus, San Joaquin, and 
Butte counties. The advisability of these widely separated tests is 
obvious. 
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Though the description of the strains is based, primarily, upon their 
comparative response at Davis, these outlying tests have often brought 
to light some desirable and some undesirable characters not evident 
here. The most complete of the outlying tests have been conducted in 
the Imperial Valley for two reasons: first, hundreds of acres there are 
not yet severely infested with the wilt organism {Fusarium niveum ) ; 
and second, during 1928, 1929, and 1930 approximately 62 per cent of 
the state^s watermelon acreage was located there. 



Fig. 13. — A typical inatuio fruit of California Klondike strain No. 3. Weight, 20 
pounds; shape index 581 (15.5 X 9 inches); skin dark green; suture slight; rind 
thickness % inch; flesh deep red, of excellent texture and high sugar content; seeds 
small, with black seed coat. 

In order to avoid confusion, the improved strains are designated as 
California Klondike, and seed has been and will be distributed under 
this varietal name. A brief description of four strains of the California 
Klondike watermelon follows (table 4). 

Straw L — Relatively small fruited; average weight 15 pounds ; sliape 
index, 601 ; skin dark green and smooth, with very slight sutnre ; rind 
very thin (i/4 to % inch) and somewhat brittle; flesh deep red, of 
excellent texture and high sugar content ; seeds small and black ; very 
prolific; recommended to market gardeners and for home planting; 
fruits too small and rind too tender for extensive commercial use. 

Strain 3 . — Relatively large fruited ; average weight, 19 pounds ; shape 
index 548 (fig. 13) ; skin very dark green with shallow suture; rind of 
mediiun thickness (^/4 to y 2 inch), sufficiently tough for long-distance 
shipment ; flesh very solid, deep red, of excellent texture and high sugar 
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content; seeds small and black; prolific; uniform, i)roducing very few 
culls ; one plant of this strain produced seven ideal fruits in 1932, with 
an average weight of 21.6 pounds ; recommended to commercial planters 
wherever the Klondike is now grown, and to market gardeners who 
prefer a larger melon than strain 1. 

strains. — ^This strain, though somewhat inferior in flesh quality, 
might well replace Angeleno as a shipping melon to such distant points 
as Canada. Ideal type with deep bluish-green vskin and extremely tough 
rind. Flesh slightly hard, but sweet. 



Fig. 14. — Striped Klondike, a relatively recent commercial selection, at 
present gaining in popularity in the San Joaquin and Sacramento valleys. 

Strain 9 . — Fruits of this strain, in 1931, appeared to mature earlier 
than any other strain both in the Imperial Valley and at Davis. Seeds- 
men report it to be early maturing, but this point should be more defi- 
nitely ascertained. The fruit is of desirable type and quality, and seed 
is available. 

Striped Klondike . — This variety (fig. 14), now advertised by certain 
seed companies, is said to have been originally selected by a grower in 
interior California about ten years ago in a field of commercial Klondike. 
Continued mass selection by growers for the striped-skin character, 
large fruit, and high flesh quality has isolated a strain remarkably uni- 
form as to skin color. At Davis, in 1932, approximately 97 per cent of 
the plants of this variety produced striped fruit. Fruit size and shape, 
rind thickness, flesh quality, and seed characters varied somewliat ; but 
this is to be expected in a variety not kept pure by continued self- 
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pollination. At Davis, the flesh quality was somewhat inferior to that 
of the same variety grown on lighter soil types in San Joaquin and 
Stanislaus counties, and was slightly inferior to ordinary commercial 
Klondike. As Striped Klondike seems to he increasingly popular, breed- 
ing work to purify it further is now under way. 


CONDITIONS INFLUENCING FRUIT SETTING 

Knowledge of the conditions that influence fruit-setting tendencies 
in Citrulhis vulgaris is limited chiefly to field observations. Growers 
operating in humid districts feel that fruit setting is hindered by rain- 
fall occurring between 6 and 11 a.m. Those in arid districts appreciate 
the injurious effects of liigh air temperature (above 100^ F), low air 
humidity (below 20 per cent), high wind velocity, and extreme sunlight 
intensity. In Iowa under humid conditions, the effects of some of these 
factors, in relation to fruit-setting tendency after artificial self-pollina- 
tion, often appeared worthy of investigation. Opportunity for the 
studies reported herewith presented itself in the course of the breeding 
work in California, where no rain fell during pollination and where 
considerable variation in forenoon air temperature existed. 


AIR TEMPERATURE AND FRUIT SETTING 

Comprehensive investigations of the relation between air temperature 
and fruit setting were initiated in 1931, after the experience in 1930 
had strongly indicated that fruit setting might have been influenced by 
abnormally high temperatures during the morning hours. 

Results in 1931 . — Artificial self-pollination of 10 Klondike strains, 
each inbred for five generations, began on June 20 and continued until 
July 11. Pollination of the same strains, planted considerably later, 
began on August 3 and terminated on August 16. The date, time, and 
result of each pollination were recorded. Obviously, not all the selfed 
flowers set fruit — the number borne by individual plants is much too 
high; but with a relatively large number of flowers involved, and with 
random selections made each day, the results have probably some sig- 
nificance. 

The results of this study appear in table 7, showing the number of 
pollinations made each day, and the percentage that set fruit, with cor- 
responding air temperatures during the morning hours, from 8 to 10, 
10 to 12, and 8 to 12 inclusive. Of 435 self-pollinations made during 
June and J uly, only 70 (or 16.1 per cent) set fruit. The percentage fruit 
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setting, per day, varied from 0.0 in seven instances to as high as 33.3 
on June 21. For purposes of comparison, attention is directed to results 
secured between June 24, when 32, and July 8, when 53 flowers were 
selfed. Comparison of percentage set on each day with that on the day 
immediately preceding or following, does not always indicate that hot 

TABLE 7 

Weather Conditions in Relation to Fruit Setting in Inbred 
Klondike Watermelons; 1931 


Date 

Pollinations 

Average air temperature, degrees Fahr. 

Relative 
per cent 
humidity 
of the air at 
12 m. 

Number 

Per cent 
successful 

8 a.m. to 

10 a.m. 

j 

10 a.m. to 

12 m. 

8 a.m. to 

12 m. 


20 

9 

0 0 

60 

70 

64 

37 


21 

9 

33.3 

62 

75 

67 

47 


22 

16 

0 0 

69 

82 

74 

34 

1 

23 

17 

0 0 

66 

79 

71 

26 


24 

32 

18.7 

82 

85 

84 

23 

June \ 

25 

25 

0 0 

83 

98 

89 

20 


26 

43 

13.9 

84 

94 

88 

23 


27 

22 

22.7 

75 

82 

78 

35 


28 

32 

31 2 

68 

80 

73 

35 


29 

25 

8 0 

76 

85 

80 

14 


30 

24 

4 1 

78 

88 

82 

17 


1 

20 

10 0 

83 

92 

87 

17 


2 

17 

11.8 

80 

94 

86 

26 


3 

23 

26 1 

87 

97 

91 

15 


4 

18 

0 0 

92 

102 

96 

12 

July i 

5 

2 

0 0 

86 

104 

93 

22 


6 

7 

0 0 

81 

89 

85 

26 


8 

53 

24.5 

84 

94 

88 

22 


9 

14 

21 4 

82 

95 

87 

17 


10 

16 

31 3 

86 

96 

90 

14 


11 

11 

27.3 

80 

95 

88 

21 

Average 


16.1 

79 

91 

83 



3 

7 

28.5 

70 

83 

75 

36 


4 

2 

100 0 

68 ^ 

84 

74 

40 


5 

7 

42.8 

70 

84 

76 

35 


6 

9 

22.2 

68 

80 

72 

36 


7 

12 

41.6 

64 

82 

71 

36 


8 

12 

41 6 

66 

82 

72 

31 

August 

1 9 

11 

27.2 

69 

84 

75 

33 


10 

13 1 

38.4 

65 

80 

71 

36 


11 

8 

25.0 

73 

86 

78 

34 


12 

11 

54.5 

78 

89 

82 

24 


13 

15 i 

20 0 

79 

87 

82 

32 


14 

11 

18.1 

68 

80 

73 

44 


15 

0 

33.3 

71 

84 

77 

30 


16 

2 

50 0 

80 

96 

87 

23 

Average 

.... 

35 M 

71 

84 

76 

34 
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weather reduced fruit setting. The entire period was ahnormally warm, 
with many desiccating winds of high velocity. Attention, however, is 
called to comparative fruit setting in relation to temperature on June 
24 and 25, June 26 and 27, June 28 and 29, and July 3 and 4. 

Between August 3 and 16, inclusive, 129 pollinations were made, of 
which 35.6 per cent set fruit. The air temperature during this period 
was lower than during the pollinating period in June and July, and the 
respective averages were also lower. 


^0 I 
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Fig. 15. — The apparent relation of air temperature and air Iminidity from 6 a.m. 
to 12 noon, to rate of fruit setting after artificial self-pollination of inbred Klondike 
strains at Davis, 1932. 


Results in 1932 . — Investigation of the temperature effects in 1932 
were continued more extensively than in 1931, although all pollinations 
were made during 19 days, from July 5 to 23, inclusive. The means for 
the periods 6 a.m. to 12 noon, and 12 noon to 6 p.m. are listed in table 8. 
Marked variation in temperature occurred throughout the pollinating 
period: that at 6 a.m. varied from 45*^ to 76'" F, that at 9 a.m. from 56"" 
to 94°, and that at 12 noon from 66° to 97°. In several instances, high 
percentage set was directly related to low average air temperature from 
6 a.m. to 12 noon. This relation is clearly indicated in figure 15, where 
the data for each day are compared with those for both the preceding 
and following day. The highest percentage set (61.6) occurred on July 
13, when the temperature at 12 noon was only 66° F and the average for 
the morning was only 58° F, the lowest during the 19-day period. On 10 
different days the average air temperature from 6 to 12 was higher, 
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and on 8 days it was lower than the average (69° F) of the entire 
pollinating period. During the former group, the set was 44 per cent ; 
during the latter, 58 per cent, again indicating that fruit-setting tend- 
ency was greater during cool weather. 


AIK HUMIDITY AND FRUIT SETTING 

Under arid climatic conditions, the relative humidity of the air varies 
considerably from hour to hour during the day and from day to day. 
At Davis, this is particularly true during tlie summer months, when 
the humidity may be reduced from 62 per cent at 6 a.m. to 12 per cent 
by 12 noon. Such decided fluctuations might affect fruit-setting tend- 
encies. 

Results in 1931 . — Although hourly record of air humidity was not 
made in 1931, talfle 7 shows the actual humidity at 12 noon for each 
day of the pollinating period, with the forenoon temperature for the 
early and late pollinating periods. During the June and July pollinating 
period the mean humidity at noon was 24 per cent, while the percentage 
set was 16.1. During the August period the mean humidity increased to 
34, the set to 35.6. 

Results in 1932 . — Air humidity was recorded hourly during the 
pollinating period ; and the various means, indicated in table 8, were 
determined. The percentage humidity at 6 a.m. on the different dates 
varied from 46 to 75 ; at 9 a.m. from 26 to 65 ; and at noon from 12 to 55. 
The mean humidity from 6 a.m. to 12 noon varied from 33 to 63 ; that 
from 12 noon to 6 p.m., from 21 to 53. 

The relation of high percentage set to high relative humidity is more 
evident when only the morning hours are considered. Apparently the 
air humidity after 1 i).m. exerts little influence upon fruit setting. 


TABLE 9 

Air Temperature and Humidity in Relation to Fruit Setting in Klondike 
Watermelons; 1931 and 1932 


Period 

Total 
self -poll i- 
imtions 

Percent 

fruit 

set 

Air temperature, degrees Fahr. 

Relative humidity, per cent 

! 

Fore- 

noon 

After- 

noon 

24-hour 

period 

Fore- 

noon 

After- 

noon 

24-hour 

period 

June 20 to July 11, 

I 








1931 

435 

16,1 

83 

93 

84 

26 

31 

29 

August 3 to 16, 









1981 

129 

36 6 

79 

87 

80 

34 

32 j 

33 

July 6 to 23. 1932 

767 

51.8 

69 

90 

78 

48 

33 j 

40 
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Between eJuly 11 and 17, inclusive, high percentage set was almost con- 
stantly related to high relative humidity, this in turn (fig. 15) being 
correlated with low air temperature. Apparently, low air temperature 
and high relative humidity jointly encourage high percentage set after 
selfing. The interrelations of temperature, humidity, and fruit-setting 
tendency are shown in table 9, where these conditioning factors for 1931 
and 1932 are compared. The data show that the morning temperature 
was lower and the humidity higher during 1932 than in 1931, with a 
corresponding increase in fruit-setting percentage in 1932. 


FRUIT SETTING AS INFLUENCED BY TIME 
OF POLLINATION 

With each self-pollination, record was made of the hour, vigor of 
runner, size of ovary, and receptivity of stigma. During 1931, pollina- 
tions were made between 6 a.m. and 1 p.m. Table 10 summarizes the 
data for 1931 and 1932. During June and July, 1931, fruit setting 
showed a very slight, ])robably insignificant tendency, to increase 

TABLE 10 

Time of Day at Which Self-Pollinations Were Made in Relation to Fruit 
Setting in Klondike Watermelons 



T rial* 

Total 

Total fruits 

Percentage of 

Time of day 

No. 1 

pollinations 

set 

fruits set 

6 to 7 a.m 

1 

13 

2 

13 1 

7 to 8 a.m 

1 

152 

22 

14 5 


j 

220 

37 

16 8 

9 to 10 a.m 

1 

78 

13 

16 7 

10 to 11 a.m 

* 

17 

3 

i 17 6 

1 

6 to 7 a.m 

2 

7 

2 

28.6 

7 to 8 a m 

2 

23 

8 

34 8 

8 to 9 a.m 

2 

34 

1.5 

44.1 

9 to 10 a.m 

2 

35 

16 

35.5 

10 to 11 a.m 

2 

34 

16 

44.1 

6 to 7 a.m 

3 

77 

36 

46 7 

7 to 8 a.m 

3 

168 j 

85 

50 6 

8 to 9 a.m. 

3 

177 i 

95 

53.7 

9 to 10 a.m 

3 

176 

73 

41,6 

10 to 11 a.m 

3 

113 

45 

39 8 

11 to 12 a.m 

3 

70 

29 

40 1 

12 to 1 p.m 

3 

8 

0 

0 0 

6 to 9 a.m 

3 

422 

216 

51,2 

9 a.m. to 12 m 

3 

359 

147 

40 9 


* Trial 1 extended from June 20 to July 11, 1931; trial 2 from August 3 to 16, 
1931; and trial 3 from July 6 to 22, 1932. 
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between 6 and 11 a.m. In 1932, it increased slightly between 6 and % 
with a gradual decrease in efficiency by 1 p.ni. The average percentage 
set, in 1932, between 6 and 9 a.m. was 51.2 j that between 9 and 12, enly 
40.9 per cent. Fertilization appears most likely to follow self -pollina* 
tions made between 7 and 11 a.m. 


OVARY SIZE IN RELATION TO FRUIT SETTING 

In the absence of experimental evidence, observation has indicated 
that fniit-setting tendency is influenced by ovary size. In 1932, there- 
fore, as each fruit was pollinated, its relative size was recorded, being 
arbitrarily classified as small, medium, large, or very large. Periodically 
during the season each selfed fruit w^as examined, and record was made 

TABLE 11 

Relation of Ovary Size at Time of Pollination to Fruit Setting in 
Klondike Watermelons; 1932 


Relative size of ovary 
at pollination 

Total self- 
pollinations 

Total fruits 
set 

Percentage of 
fruits set 

Small 

70 

5 

7.1 

Medium 

363 

154 

42.4 

Large 

300 

163 

54.3 

Very large 

58 

41 

70.7 


of all imsiiccessfully fertilized. At harvest time, those that matured 
fruit were likewise noted. Data covering these observations appear in 
table 11 ; they indicate that small ovaries rarely set fruit, while fruit- 
setting tendency progressively increases among larger ovaries. Consid- 
erable time, apparently, could be saved by careful selection of the 
flowers to be pollinated. 


VIGOR OP RUNNER IN RELATION TO FRUIT-SETTING 

TENDENCY 

The relative vigor of the individual runner bearing the pistillate 
flowers to be selfed was recorded. According to the data in table 12, 
fertilization is much more likely to occur if the fruits selected are borne 
on medium and strong runners rather than weak. As a matter of fact, 
weak runners have rarely been observed to produce large or very large 
pistillate flowers. Here again, time would be saved by selecting only 
medium or strong runners. 
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TABLE 12 

Strength op Bunnerb Bearing Female Flowers in Rei^tion to Fruit Setting 
IN Klondike Watermelons; 1932 


Relative Btrength of runner 
at time of pollination 

Total self- 
pollinations ! 

Total fruits 
set 

Percentage of 
fruits set 

Weak 

67 

19 

28,4 

Medium 

381 

145 

88.0 

Strong 

327 

168 

51.4 


FRUIT-SETTING TENDENCY AND EARLINESS AMONG 
INBRED STRAINS 

Although certain strains consistently produce more fruits per plant 
than others, as has been demonstrated, there is no evidence that fruit- 
setting tendency, after self-pollination, is heritable. During 1931 and 
1932, the percentage set was recorded for each of ten inbred strains, with 
the results presented in table 13. As previously indicated, the percentage 


TABLE 13 

Fruit Setting and Elapsed Time to Fruit Maturity After Pollination in 
Klondike Watebmfxonb, Comparing Inbred Strains, 1931, with 
Their Respective Daughter Strains, 1932 


Pedigree 

Percentage of fruits set 

Number of days 
between pollination and 
fruit maturity 

1931 

1932 

1931 

1932 

39-5-3-2-1-1 

22 7 


42 


39-6-3-2-1-1-5 


50 6 

.... 

45 

39-5-3-2-1-2 

29 8 


43 


39-6-3-2-1-2-2 


56 5 


47 

39-6-3-2-6-1 

19 1 


45 


39-5-3-2-5-1-1 


47.9 


48 

39-6-3-2-6-2 

13.3 


47 


39-5-3-2-6-2-5 


58.3 


50 

39-5-3-2-5-3.. 

13 5 


49 


39-5-8-2-5-3-2 


60.6 


50 

39-5-3-2-6-1 

19.1 


49 


39*^6-3-2-6-l-6 


60 9 

.... 

51 

39-5-3-2-6-2 . 

5 0 


44 


39^-3.2-6-2-2 


54 7 


48 

39-5-3-4-2-1 

19 3 


44 


39-6-3^2-1-3 


46.8 


48 

39-6-4-3-6-1 

15.2 


39 


89-6-4-3-6-1-18 


27.9 i 


43 

89-5-4-8-6-1-19 


54 5 


41 

39-6-4-8-6-1-21 


17.6 


45 

39-6-12-2-3-1 

16.3 


49 


39-6-12-2-3-1-6. 


41.2 

.... 

53 
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set in 1931 was extremely low, probably because of unfavorable climatic 
conditions. In that year the set in strain 39-5-3-2-6-2 was only 5, while 
that in strain 39-5-3-2-1-2 was 29.8 per cent. The progeny of both 
strains, when replanted in 1932, set fruit at almost exactly the same 
rate. Similar instances indicate that fruit-setting tendency is probably 
nonheritable, although some strains normally bear more fruits per plant 
than others. 

Since the number of days between anthesis and fruit maturity was 
known, data were assembled during both seasons, for each strain, to 
indicate the relative earliness of each. The data in table 13 sliow that 
the time between anthesis and fruit maturity varied, in 1931 from 39 
to 49 days, and in 1932 from 41 to 53 days. Strain 39-5-4-3-6-1-19 
does not bloom earlier but has matured fruit somewhat earlier than 
other inbred strains. In 1931, it was approximately 10 days earlier than 
commercial stock in Imperial Valley; but in 1932, under more extreme 
conditions, this earliness was much less apx)a.rent. 


VARIETAL AND HYBRID INFLUENCES ON FRUIT-SETTING 

TENDENCY 

Slight differences in fruit-setting tendency were found during both 
seasons, when several varieties and hybrids were compared (table 14). 
In 1931, the percentage set varied from 12,1 (new crosses) to 25.0 (Yel- 
low-fieshed lee Cream). In 1932, however, 56.9 X)er cent of the new 
crosses set fruit. The most notable difference in 1932 was between Cali- 
fornia Klondike and Strii)ed Klondike. In the former variety 51.8 and 
in the latter only 33.2 per cent of the selfed flowers set fruit. The Striped 
Klondike had not been inbred, whereas the California Klondike had 
been inbred for six generations. 

Self-pollinations have been made among the following varieties: 
California Klondike, Strii)ed Klondike, Dixie Belle, Peerless, Golden 
Honey, Yellow-fleshed Ice Cream, Chilean, Angeleno, Baby Delight 
(Hungarian Honey), Georgia Rattlesnake, Thurmond Grey, Tom Wat- 
son, Pride of Muscatine, Iowa King, Iowa Belle, Grey Monarch, Wonder- 
melon, Schochler, Winter Queen, and Black Boulder. A large number 
of crosses of the three wilt-resistant varieties Pride of Muscatine, Iowa 
Belle, and Iowa King with California Klondike, as well as numerous 
crosses involving many other varieties, have been successful. Fruit set- 
ting appears to depend upon proper selection of the pistillate flower 
with resx)ect to ovary size and runner vigor, as well as ui)on the environ- 
mental conditions for a period of 5 or more hours after the pollination 
has been made. 
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Critical examination of ftuit-setting tendency on individual plants 
of the Klondike variety has indicated the complete absence of either 
definite flowering peaks or definite fruiting cycles, such as those reported 
in Cucumis melo by Eosa,<’®> in Lactuca sativa by Jones, and in 
Cucurbita maxima by Bushnell/^^ 


TABLE 14 

Fruit-Setting Tendency of Several Watermelon Varieties 
AND Hybrids, 1931 and 1932 


Varietal deeignation 

{ 

Year 

Nuinl>er of 
generations 
inbred 

Total 

pollinations 

Per cent set 

California Klondike 

1931 

5 

564 

20.6 

California Klondike 

1932 

6 

767 

61.8 

Striped Klondike 

1932 

0 

226 

33.2 

Dixie Belle 

1931 

3 

43 

18 8 

Dixie Belle 

1932 

4 

66 

47,7 

PeerlesB 

1931 

1 

40 

20 0 

Peerless 

1932 

2 

27 

66.6 

Golden Honey 

1931 

3 

21 

23.8 

Golden Honey 

1932 

4 

35 

61 6 

Yellow-fleshed Ice Cream 

1931 

2 

10 

25.0 

Y ellow-flcshed Ice Cream 

19,32 

3 

24 

58 3 

Fi of 8 crosses 

1932 

j 

95 

46.3 

New crosses* 

1931 


33 

12 1 

New crosses 

1932 


61 

56 9 

Back crosses 

1931 


22 ' 

13 9 

Back crosses 

1932 

' 

48 

41 9 


* Involving crosBes of wilt-resistant X wilt-susceptible varieties as well as inter-crosses within the 
Klondike variety. 


SUMMARY 

Although the watermelon {Citrullus vulgaris) is typically monoe- 
cious, andromonoecism is common to several varieties. Parthenocarpy 
probably does not occur, and neither self nor cross-sterility has been 
encountered among the many varieties and hybrids studied. 

The ratio of pistillate to staminate flowers is approximately 1 :7, but 
the former are not always formed at every seventh node on a runner. 

Pollinating technique is described, with a discussion of its adaptation 
under various environmental and cultural conditions. 



622 


liUgardia 


[Vol. 7, No. 15 


Plant vigor, expressed in terms of vegetative growth, is not reduced 
by four generations of inbreeding ; and no striking vigor reduction has 
been observed in strains inbred for six generations. Inbreeding tends 
to equalize and stabilize individual plant vigor. 

Inbreeding tends to isolate strains producing more or fewer fruits 
per plant than commercial stock, but the variation in average fruit 
weight often compensates for reduction in number of fruits per plant. 

Strains have been isolated that produce fruits of either greater or 
less average weight than commercial stock, and with significant decrease 
in standard deviation. 

Total plant yield, determined by average fruit weight and number 
of fruits per plant, may be slightly increased or decreased by inbreed- 
ing, indicating that relatively few of the factors which govern yield are 
in a heterozygous condition in commercial stocks. 

The commercial Klondike was found to he extremely heterozygous 
for the factors governing fruit shape, expressed in terms of the ratio 
between equatorial and polar diameter. Inbreeding permits the elim- 
ination of strains of undesirable shape, leaving genotypes significantly 
more uniform than commercial stock. Similarly, the standard deviation 
with respect to fruit shape is low^ered. 

Inbreeding tends to purify individual strains with respect to : fruit 
skin color; rind thickness and toughness; flesh color, texture, solidity, 
and sweetness; seed size and seed-coat color. 

Several inbred strains are described with recommendations as to their 
adaptability to certain sections and to certain uses. California Klondike 
No. 1 is recommended to the market gardener or home grower ; No. 3 
to growers in Imperial Valley and in any other section where the Klon- 
dike is now used ; No. 8 for long-distance shipment ; and No. 9 for trial 
in Imperial Valley because of some evidence that its fruit matures 
earlier than commercial stock. 

Fruit-setting tendency, following artificial self-pollination, is appar- 
ently influenced by air temperature and humidity between 6 a.m. and 
12 noon ; by the hour of pollination ; by ovary size ; and by relative vigor 
of the runners bearing the selfed flowers. 

Indications are that relatively low air temperature and relatively 
high air humidity from early morning until noon favor fruit setting. 
On certain days when the morning temperature was relatively high and 
the humidity relatively low, none of the selfed flowers set fruit. 

In general, a slightly higher percentage of pollinations results in fruit 
setting if made between 6 and 9 a.m. than if made between 9 a.m. and 
12 noon. 



Sept., 1933] 


Forter: Watermelon Breeding 


623 


The fruit-setting tendency was relatively low when small ovaries were 
selected, but relatively high if large ones were used. Very few fruits 
set if the runner bearing the pistillate flower was weak; but with 
stronger runners the fruit-setting tendency materially increased. 

With the exception of Striped Klondike, all the varieties used 
responded to self-pollination in approximately the same manner. Defi- 
nite flowering peaks have not been detected. 
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METHODS OF BREEDING ONIONS^ 

H. A. JONES2 AND S. L. EMSWELLEE2 

Breeding studies with the onion were begun at Davis in 1923. At first, 
the object was to develop a more uniform strain of Australian Brown. 
As the work progressed, however, the program was gradually expanded. 
At present, besides the improvement work with this variety, attention 
is being given to the development of onions that will resist pink root, 
mildew, and thrips; to the selection of nonbolting strains of Sweet 
Spanish; and to studies of the way in which the scale and flesh color, 
foliage color, shape, and other characters are inherited. In all this breed- 
ing work, special methods have had to be developed. Those that have 
proved best at Davis may need modification in other districts. At Davis, 
climatic conditions are nearly ideal for onion breeding. During May and 
fJ Line, when the plants are in bloom, atmospheric conditions are usually 
very favorable for pollination : rain seldom falls, the days are generally 
bright, and there is no dew. The plants, consequently, can be enclosed 
with very little danger of mildew. 


DEVELOPMENT OF THE INFLORESCENCE AND THE 

FLOWER 

Usually the mother bulbs are ])1 anted in late November or in Decem- 
l)er. Toward the end of Fel)ruary, if the plants are dissected, the flower 
stalks can be distinguished just above the stem plate. Sometime during 
March, as a rule, they emerge from the surrounding sheaths. They 
elongate rai)idly, the developing buds being protected under the bracts. 
Finally the bracts are ruptured, and a few days later the first flower of 
the inflorescence opens. 

1 Received for publication April 5, 1933. 

2 Professor of Truck Crops and Olericulturiat in the Experiment Station. 

3 Assistant Professor of Truck Crops and Assistant Olericulturist in the Experi- 
ment Station. 
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When the two outer whorls (perianth) of the flower first expand, 
(fig. 1) the pistil is still immature; but soon the stamens begin to shed 
their pollen. There are six stamens in each flower, an inner and an outer 
whorl each containing a set of three. Those of the inner whorl are first to 




Pig. 1. — Method of flower-opening and pollen-shedding in the onion. Ay flower 
bud just before opening. B, the two outer whorls of floral organs expanding and the 
inner whorl of stamens elongating. 6', just before the shedding of pollen by the inner 
whorl of stamens; note the short style. D, the inner whorl of three stamens has shed 
its pollen, and the outer whorl of three stamens has elongated. P, all six stamens 
have slied their pollen; note the long style, now recej^tive. (From TrvcJc Crop Plants. 
McGraw-Hill Book Co., Ine., New York.) 

shed their pollen, dehiscing one after the other at irregular intervals. 
Next, the anthers of stamens in the outer whorl also dehisce at irregular 
intervals. This is the regular order of dehiscence, though occasionally 
anthers of the outer whorl discharge their pollen first. All the pollen is 
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shed before the stigma becomes receptive. When the flower first opens, 
the style is about 1 mm long. It continues to elongate, but does not reach 
its maximum length of about 5 mm until some time after all pollen has 
been shed. The flowers of a single head may continue to open over a 
period of two weeks or longer. 

A detailed study of anther dehiscence was made from June 2 to June 
4, in 1923. Fifty flowers on as many different plants were tagged at 4 
p.m. on June 2. Each flower had the perianth fully expanded, and the 
stamens had not dehisced. It was 23 Jiours before all the anthers of any 
flower had dehisced, and about 47 hours before shedding of the pollen 
was completed. Most of the pollen was shed between 9 :30 a.m. and 5 p.m. 

In the field, cross-pollination probably predominates; but there is 
some selfing. The chief agencies of pollination are various species of 
insects, which go from flower to flower, either gathering pollen or visiting 
the nectaries in the axils of the three inner stamens. 


METHOD OP HANDLING PLANTH FOR SELFING 

The plants to be selfed are usually vset in the field sometime in tlie fall 
or early winter. Varieties such as California Early Red and Italian 
Red, which do not keep w^ell in storage, are generally planted in late 
September or October, The storage types, sucli as Australian Brown, 
are usually set in the field in late November or December. Bulbs are 
spaced about 12 inches in furrows 3 feet apart (fig. 2) and are then 
covered with soil to prevent freezing. Tlie plants develop a good root 
system during the winter, but the scantiness or luxuriance of the foliage 
depends upon climatic conditions. As a rule, the flower stalks emerge 
from the surrounding sheaths sometime in March, and the first flowers 
open in early May. The entire inflorescence is then immediately enclosed 
within a manila paper bag. Varieties with large flower heads, such as 
California Early Red and Italian Red, are covered with one-pound 
paper bags, tied closely so that the flow^ers within are erow’ded. This 
practice seems to give a better set of seed, although the point has not 
been definitely proved. If the bags are small and are tied close to the 
inflorescence, very little surface is exposed — a very important consid- 
eration where strong wdnds are prevalent during the i)ollinatiiig season. 
Square-bottomed bags are used (fig. 3) ; and the necessary data, such as 
pedigree and date of bagging, are wTitten on the bottom. The plots are 
gone over twice each day, and the heads that have oi)en flowers are 
bagged. By bagging twice each day, one can get the exact date when 
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each plant blooms; the main purpose, however, is to prevent inseets 
from visiting open flowers and bringing in foreign pollen. Even though 
the stigmas are not receptive until several days after the flower first 



Fig. 2. — All the bulbs that are to be selfed are staked and labeled at the time of 
planting. The center row is left vacant for a planting of corn. (Photographed 
February 20, 1928.) 



Fig, 3. — Selling onions at the University Farm, Davis, California. Corn is planted 
as a windbreak. The tall Italian types of onions are growing in the row on the left. 
The other two rows are storage types. The field is the same as in figure 2. 

opens, visiting insects might possibly leave foreign pollen that eouM 
function later. Although the heads may be bagged before the bracts are 
split, to do so usually results in a lower yield of seed. 
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During 1923 and 1924 a few tests were made in the field to compare 
the amounts of seed obtained with different methods of pollination. In 
1923 the Australian Brown variety was used. The data, as given in 
table 1, are not very extensive, but they do show a great reduction in 

TABLJE 1 

Pollination Studies With the Variety, Australian Brown; 1923 


Method of pollination 

! 

Number 

of 

plants 

Number 
of seed 
heads 

Seed 

harvested 
per head 

Open-pollinated 

9 

24 

712 

Bagged, wind-ehaken 

9 

10 

167 

Bagged, tied to stake 

4 

8 

54 


seed yield when bagged heads are compared with open-pollinated. The 
Australian Browns used in this experiment were commercial bulbs. The 
flower heads were covered with one-pound manila paper bags; one lot 
was allowed to sway freely in the wind but was not tapped by hand; 
the other was bagged and tied to stakes to prevent movement by the 
wind. Under bagged conditions, the shaking by the wdnd apparently 
tended to increase the seed yield, probably by better distribution of 
the pollen. 

TABLE 2 

Pollination Studies With the Variety, Ebenezeu; 1924 


Method of pollination 

1 

Number 
of plants i 

1 

Number 
of heads 

Average 
number of 
of flowers 
per head 

Seed 

harvested 
per head 

Per cent 
of 

perfec t 
set 

Opon-poUmated 

19 

45 

525 

1,000 

32 

Emasculated, open-pollinated 

7 

7 

498 

580 

19 

Bagged, shaken by band 

10 

21 

! 517 

205 

7 

Bagged, windshaken 

Bagged, before bracts broke, wind- 

10 

28 

1 525 

09 

3 

shaken 

11 

23 

846 

85 

2 


In 1924, different methods of pollination were further compared, this 
time with the Ebenezer variety (table 2) . Because the number of flowers 
per head varies wddely, the best method of expressing seed yield is as 
percentage of perfect set — ^wdiich is six seeds for each flow^er. By far the 
heaviest yield of seed was obtained under open-pollinated conditions; 
but even then there was only a 32 per cent set. Seldom is a 50 per cent 
set obtained even under ideal circumstances. Emasculated heads gave 
a much lower set of seed than did those not emasculated, but a much 
higher set than did any of the bagged heads. The emasculated flow^ers 
were fertilized by pollen from other plants or from other flower heads 
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of the same plant. The lower set of seed from emasculated flower heads 
indicates that some pollination occurs between flowers of the same head. 
The lowest set of seed was obtained where the heads were bagged before 
the bracts covering the flower buds had broken. Shaking or tapping by 
hand gave the heaviest set of seed under bags. 


TABLE 3 

Seed Yield from Bagged Plants of Different Yaeieties, at Davis 


Year 

Variety 

Number of 
plants 

1 Average 
number of 
seed stems 

Seed yield 

Per head 

Per plant 



Yellow Danvers Flat 

31 

6.74 

172 

1,162 



Red Wethersfield 

31 

4,97 

100 

497 



Southport White Globe 

33 

3.39 

146 

496 



White Portugal 

1 28 

2 86 

173 

495 



Southport Yellow Globe 

19 

2.58 

96 

249 


1 

Southport Red Globe. 

20 

2 40 

42 

101 



California Early Red 

28 

4 07 

258 

1,049 



Ohio Yellow Globe 

14 

6 28 

171 

905 



Red Wethersfield 

35 

6 43 

130 

834 



Mountain Danvers 

11 

3 27 

201 

657 



Yellow Globe Danvers 

80 

4.74 

121 

573 



Australian Brown 

82 

4.40 

117 

615 



Red Bermuda 

15 

3.27 

96 

313 



Riverside Sweet Spanish 

12 

6 08 

57 

292 



Giant White Italian Tripoli 

32 

3 50 

76 

268 



Ebenezer. 

36 

4.25 

57 

244 



Italian Red 

39 

4 44 

207 

917 



Yellow Danvers Flat 

39 

4.82 

63 

306 



Southport Y^ellow Globe 

30 

4 07 

70 

286 



Ebenezer (Lot 1 ) 

29 

6 27 

45 

238 



Ohio Yellow Globe 

37 

4 65 

47 

218 

1925 ^ 


Yellow Globe Danvers 

30 

4 17 

47 

198 



White Portugal 

89 

4 25 

39 

164 



Mountain Danvers 

14 

3 64 

33 

122 



Southport Red Globe 

38 

3.10 

37 

116 



Southport White Globe 

58 

3.64 

32 

116 



Ebenezer (Lot 2 ) 

15 

4.40 

6 

27 


1 

Valencia 

n 1 

5 63 

31 

172 

1926 ^ 

i 

Southport Red Globe 

11 

2.73 

33 

91 

1928 

Red Wethersfield 

8 

6 37 

42 

224 

1929 

Stockton Yellow Globe 

37 

5.89 

174 

1,025 

1930 

Australian Brown 

197 

7.14 

219 

1,568 



Nebuka {Allium fistulosum) 

26 

3 11 * 

713 

2,222 


1 

Stockton Yellow 

17 

6.04 

159 

1,106 

1 \f04t ^ 

t 

Red Wethersfield 

19 

5 00 

82 

412 


i 

White Persian 

73 

7.65 

26 

195 


* Only a few of the early flower heads of Nebuka were bagged. 
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Th€ seed yield per plant, which varies considerably with the variety, 
is given in table 3 for a number of varieties. The bulbs used were from 
commercial stocks, selected for selfing because of certain outstanding 
characters. All were large. They were not planted for the purpose of 
comparing varieties, but obviously some yielded considerably more seed 
than others. Nonbolting types like Italian Ked, California Early Red, 
Stockton Yellow, and Stockton Yellow Globe usually give a good seed 
yield under bags. Different strains of the same variety vary considerably. 
In 1925, one lot of Ebenezer averaged 238 seeds per plant; another 
strain, only 27. These strains also differed considerably in seed yield 
under conditions of open-pollination. As a rule, the white varieties yield 
less seed than the colored. The Nebuka (Allium fisf ulosuni) types, which 
do not form bulbs and which are used by the Japanese as green onions, 
produce more seed per plant and per head than any of tlie commonly cul- 
tivated bulbing varieties grown in America. Also, because of more favor- 
able climatic conditions, seed yields are much higher in some years than 
in others. As shown by table 3, 1924 was much more favorable for the 
production of seeds under bags than was 1925, when intense heat killed 
many of the young seeds. At Davis, on June 24, 25, and 26, maximum 
temperatures were 113^, 115^, and 112° F; on July 16 and 17, they 
were 112” and 116°. The number of seeds produced per plant decreases 
with inbreeding for several generations, but that matter will be discussed 
in another paper. 


WINDBREAKS 

Temporary windbreaks of corn are grown each year to protect tlie 
bagged onions from the prevailing south winds and the occasional 
strong north winds. In the spring, as soon as the soil is sufficiently warm, 
corn is planted on the outside of the field (fig. 3) and also in rows left 
vacant for this purpose (fig. 2). 


METHOD OF INCREASING SEED 

When this work was first begun, certain strains or lots of onions that 
were to be increased were planted in presumably isolated farming dis- 
tricts. Because, however, complete isolation was almost unattainable, 
some crossing generally occurred. The constant danger of loss, the exten- 
sive amount of traveling required, and inability to secure complete isola- 
tion necessitated the development of methods that assured control of 
pollination. 
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After several preliminary tests, the method of increasing seed under 
cloth cages was finally adopted, so that all the different lots can now be 
handled on the University Farm. 



Fig. 5. — Large cheesecloth cages used tor increasing seed. The cheesecloth is used 
for one season only. The same lumber is used year after yeiar. 


The bulbs of selections that are to be increased are planted in the 
field in late November. They are set 4 to 6 inches apart in two shallow 
parallel furrows about 2 feet apart and 15 feet long. In the spring, just 
before the plants begin to bloom, they are covered with cages made of 
a framework of boards upon which cheesecloth is tacked. Stakes are 
first driven into the ground at the corners and midway along the sides. 
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A 12Jncli board (fig. 4) is then placed around the bottom and sunk 
In the ground about 2 inches. Around the top and lengthwise through 
the center, boards are nailed ; around the sides is tacked a 3-foot width 
of cheesecloth (fig. 5). Two widths of the latter material are placed 
across the top, well lapped, and tacked to the sides and top so as not to 
pull out. A door is made in one end to permit entrance to the cage. For 
most varieties a cage 4 feet high is sufficient (fig. 6) ; but Italian Red, 



Fig. 6. — Interior view of a large onion cage about three weeks after 
enclosing the plants. Variety, Wliite Persian. 


California Early Red, and the like, require one 6 feet high. Under 
Davis conditions, apparently, the best results follow when tlie large 
cages are placed at right angles to the prevailing winds ; this arrange- 
ment probably permits a greater movement of air inside. 

Means must be provided for pollination within the cages. Both bees 
and flies have been tried ; but the latter, being more easily handled, have 
proved more satisfactory. The flies are propagated under controlled 
conditions in order to insure that adults will be free from foreign pollen. 
Slaughterhouse refuse, mainly beef lungs, is placed in open troughs. 
This attracts various species of adult flies, the most prevalent being 
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Phormia regina Meig., the sheep wool maggot, and LucUia serioata Meig., 
the green blow-fly. They deposit their eggs in large numbers. During 
onion-pollination time, as a rule, the larvae hatch in 24 to 36 hours and 
begin to feed. Lungs are an especially good medium, being porous and 
providing a large feeding area. The trough should be shaded by burlap 
or muslin in order to protect the larvae from the hot sun. The young 
larvae, being gross feeders, should be well supplied with food. After 
feeding for 5 to 7 days, they become restless and wander about in search 
of a place to pupate. This restless period lasts 4 to 8 days, during which 
they do not feed. They may be collected at this time by shaking the pieces 
of lungs so the larvae will fall into the trough. Then they work their 
way to the end of the trough and drop into a bucket of fine-screened 
sand, into which they burrow before pupating. After all the larvae have 
pupated, the pupae are recovered from the sand by screening ; then they 
are washed by running a fine stream of water over the screen and are 
dried by spreading a thin layer on a newspaper and stirring it fre- 
quently. When completely dry, the pupae are ]fiaced on a paper plate, on 
top of which another plate is inverted, the edges being fastened with 
clips. If cold storage is available, the pupae can be kept for a considerable 
time. At 45° F the flies emerge in about two weeks ; at 37° F they can be 
kept for several months. If stored at various temperatures, practically 
mature pupae will be available at all times. A succession of broods should 
bo maintained so that pupae can be added to the cages every three or 
four days. The time required to produce a generation of flies under nat- 
ural conditions varies greatly with the season, being considerably longer 
in the spring than later when temperatures are high. 

By starting to propagate the flies early in the year and then holding 
the pupae in cold storage, one can have a large supply in readiness for 
the pollinating season. When the plants begin to bloom, a small handful 
of pupae are placed in the. cage every three or four days; thus the 
number of flies within the cage can be held fairly constant. 

A high percentage of the developing seed within the cage is often 
killed during periods of excessive heat. This may not occur in locations 
where lower temperatures prevail during this part of the year. At best 
this method can lie used only to increase small amounts of seed. Suffi- 
cient seed should be obtained from a cage (fig. 5) to plant % to y-i acre, 
and this will furnish sufficient bulbs to plant a considerable acreage 
for seed. 
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CROSSING 

The method selected for controlled cross-pollination depends upon 
several factors. When the hybrids that result from the crossing of two 
plants can be easily identified, the following method is generally used. 
Bulbs are set side by side, about a foot apart. Usually two of each kind 
are planted so that if one is killed or dies, another remains ; most of 
the plants, however, survive. If exact genetic studies are being made, 
only two parent plants are kept ; but if improved commercial types are 
desired, without regard for genetic records, several plants of each strain 



Fig. 7. — Muslin and cheesecloth cages used for crossing. These cages are so con- 
structed that they can be taken apart at the close of the season and stored. 


are permitted to grow. Tliese small lots are covered with cages about 8 
feet square and 6 feet high (fig. 7). Into one side of the cage is sewed 
a sleeve tliroiigh which fly pupae can be introduced. The cages are left 
in place until the seed is mature. Seed from dilferent strains or parents 
is harvested separately and later planted sei)arate]y. In some cases the 
hybrids can be selected in the seedling stage ; in others, the bulbs must 
be grown. 

A few examples wull illustrate the amount of crossing that occurs 
under the cages and the method of selecting hybrids. In 1931 there were 
placed under one of the small cages two bulbs of Stockton Yellow 
(inbred one generation) and a single bulb of Italian Red (inbred four 
generations). The Italian Red is bottle-shaped; the Stockton Yellow, 
flat. In the seedling stage, because red is dominant, it is possible to select 
the hybrids among the progeny of the yellow parent, but not among the 
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progeny of the Italian Red. Because, however, the mature bulba are 
intermediate in shape between the two parents and very much larger, 
the hybrids in the population from each parent can be selected accu- 
rately. Part of the seed from the Stockton Yellow parent was planted, 
and a total population of 315 plants was grown. Of this number, 76 
(about 24 per cent) were crosses with the Italian Red. Some seed of the 
Italian Red parent was planted, and a population of 282 plants was 
grown. Of this number, 79 (about 28 per cent) were crosses with 
Stockton Yellow. 

In 1931 two excellent strains of Yellow Globe Danvers that had been 
inbred for two generations vere placed under a small cage. Two bulbs 
of each strain were planted, the plants were covered, and flies were 
added. When mature, the seed was harvested and planted. From one 
line was grown a population of 200 plants, of which only 10 individuals 
(5 per cent) were hybrids. Prom the other line was produced a popu- 
lation of 193 plants, of w’hieh 32 (about 16 per cent) were hybrids. In 
this case, the hybrids could not be selected in the seedling stage : the 
plants had to be grown to maturity, at which time the hybrids could be 
picked out because of their pronounced manifestation of vigor. The 
relatively small amount of crossing here can be explained, at least in 
part, by the fact that the flowering periods of these two strains do not 
exactly coincide, although they do overlap considerably. 

In 1932 it was desired to secitre a large number of hybrid i)lants 
between the varieties Crystal White Wax and White Persian, the latter 
being resistant to thrips Under a cheesecloth cage, 6 feet square, were 
planted 11 bulbs of Crystal White Wax and 3 of White Persian. Plies 
were used for pollination Prom the 3 White Persian plants was har- 
vested 75 grams of seed; from the 11 Crystal White Wax, 200 grams. 
The White Persian variety has foliage of a very light-green color, which 
is recessive to the dark-green of Crystal White Wax. If seed of the White 
Persian is planted the hybrids can be selected in the vseedling stage by 
the dark foliage color. When a portion of the seed from the White Per- 
sian was planted, the total pc)i)ulation of seedlings was 264 ; of this num- 
ber, 73 (about 27.5 per cent) were creases. 

In cases where the hybrid is not distinct, one parent will have to be 
emasculated. The umbels of the plants to be crossed are bagged as soon 
as the first flower opens At first only a few flowers on an nmbel open 
daily. The number increases until full bloom, when fifty or more may 
open in a single day. The flow^ers are removed each morning and after- 
noon, until about 50 open flowers can be secured in one or two days. If 
the weather is especially hot, they must be removed oftener, because the 
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anthers may shed their pollen very soon after the flower opens. Emascn- 
latioh is conducted several times daily until about 50 emasculated 
flowers have been secured. Then all the buds are removed, a flower head 
of the pollen parent is tied with the emasculated head, and both are 
enclosed under the same bag (fig. 8). The bags are tapped several times 
each day to facilitate pollination, or, better still, flies are enclosed within 
the bag to do the pollinating. To secure pollen-free flies for crossing, 
pupae are placed in a paper plate, which is wrapped with cheesecloth 



JPig. 8. — Method of tying umbels together for eiossing. The one on the right has 
been emasculated; the other supplies the pollen. The umbels are then enclosed in a 
paper bag. Flies are en<*losed to do the pollinating. Hometimes jiupae arc also 
included. 

and set in a w^arm place. When the flies have emerged, they are taken 
to a low-temperature chamber (about 37® F). After chilling, they can 
be easily caught and placed in small glass vials, the corks being notched 
to permit ventilation. The adult flies needed for one bag are placed in 
a vial and are liberated in the bag at the time the two heads are tied 
together. The heads are bagged separately when pollination has been 
completed — ^usually 4 or 5 days after they have been tied together. 

When plants to be crossed are not growing side by side, an umbel of 
the pollen parent can be removed and tied securely to the umbel that 
is to be pollinated; then the two are enclosed under a bag as in the 
method described above. 
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When flies or other insects are not used, the same method of emascti* 
lation is used ; but pollination must be done by hand, at a time when 
the styles are fully extended. The pollen of the male parent can be 
collected on a watch j?lass, and the pollen-covered surface touched 
against the stigma of the female. As a rule, each flower must be pol- 
linated several times in order to get even a fair set of seed. 

Some investigators report that most of their crossing is done in the 
greenhouse. In the work reported here pollination was generally done 
in the field; but when the length of pollinating season had to be 
increased, plants have been brought to bloom in the greenhouse con- 
siderably earlier than out of doors. Conditions there are much more 
favorable for work; no wind or dew, and fewer insects, will interfere. 
Under Davis conditions, apparently, the best method for greenhouse 
pollination is to set the mother bulbs, late in November, in large pots 
which are sunk in the ground out of doors. Considerable root growth 
and some foliage development are made during the winter. About the 
time the seed stems are formed — usually late in February — the plants 
are removed from the pots and placed in a greenhouse bench. The 
higher temperature of the greenhouse usually brings the plants into 
bloom at least a month sooner than out of doors. 


HARVESTING AND CURING SEED 

The bags are allowed to remain on the heads until the seed is ripe. 
Then the stems are cut below the bags, and all the heads of a plant are 
tied together and placed in well-aerated crates in the open until thor- 
oughly dry. Next, the heads arc placed in cloth bags, and the seed is 



Pig. 9. — Bubber washboard used to thresh small lots of onion seed. After thresh- 
ing, the seed and chaff are brushed into a beaker of water. The heavy seed sinks to 
the bottom, while the light seed and chaff are floated off. 
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rolled, out. Probably a better method is to remove tbe seed by use of a 
rubber washboard (fig. 9). Seed capsules matured under a bag contain 
considerable nectar, which is rather hygroscopic, taking up moisture 
rapidly during humid weather and making threshing difficult. Thresh- 
ing is most efficient during hot, dry weather. When well threshed, the 
seed and chaff are emptied into a container with water, and the light 
seed and chaff floated off. When single plants are being threshed sepa- 
rately, a 1,000-cc beaker is generally sufficiently large for washing. 
After three or four clianges of water, the seed is usually clean and is 
spread thinly on paper to dry; it is then placed in small envelopes. A 
common mistake is to l)ag or package seed not sufficiently dry, causing it 
to mold. 

GROWING SEEDLINGS 

For a number of years the onion seed of all the selfed lines of storage 
types was sown directly in the field. Although this method avoided the 
setback from transplanting, and cost less, it failed to provide a uniform 
stand of plants from which accurate comparisons could be made; it 
involved, furthermore, a great waste of seed. After several trials, 
accordingly, it was replaced by the transplanting method, which has 
since been used for all the breeding work. 

There are two general seasons for seeding onions in this district. 
The nonbolting or Italian types such as California Early Red, Italian 
Red, Stockton Yellow Globe, and Giant White Italian Tripoli are sown 
in late August or early September. At Davis these varieties are always 
sown in coldframes and are usually transplanted to the field in Novem- 
ber or December. About a month before sowing, the soil is sterilized 
with a formalin solution to kill the damping-off fungi and the })inli-root 
organism, Phoma temstris Hansen. The solution used contains one 
pint of commercial formalin to 15 gallons of water. One gallon of solu- 
tion is applied to each square foot of soil. The bed is covered with 
burlap, wet down, and left for several days (fig. 10), When the soil is 
sufficiently dry it is worked into fine condition ; then the seed is sown 
in shallow furrows, about 10 or 12 to the inch, and about 5 inches apart. 
Finally, the beds are covered with clieeseclotli, which is left on both 
day and night until late October (fig, 11). Covering, in conjunction 
with the previous formalin treatment of the soil, prevents damage from 
the seed-corn maggot. 

The storage varieties such as Australian Brown and Yellow Globe 
Danvers are usually seeded in coldframes in late November or Decem- 
ber and transplated to the field in February or March. Most of these 
varieties produce a high percentage of bolters if planted much earlier. 
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The soil in tbe eoldframos is sterilised, and seeding is done as described 
above; bnt since the seed-corn maggot does no damage so late in the 
season, the beds are covered with a cloth only on very cold nights. 



Fig. 10. — The seed beds are treated with a solution of formalin to kill the various 
fungus diseases in the soil. After the treatment, burlap is spread over the bed and is 
wet down to hold the fumes in the soil. 



Fig. 11. — Growing seedlings under a cheesecloth cover to prevent attacks by the 

seed-eom maggot 


TRANSPLANTING 

When sufficiently large, the seedlings are transplanted to the field 
(fig. 12). The large-growing Spanish and Italian types are set 4 inches 
apart in the row. On sediment soil where surface irrigation is practiced, 
the rows are made 18 inches apart ; but on peat soil, which is subirngated 
and where furrows are not necessary, the rows are 15 inches apart. 
The varieties that produce small bulbs are planted 3 inches apart in 
the row. 
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In the Sacramento Valley it is important to have larj^e seedlings for 
transplanting and to get them into the ground early in the spring. 
In late February or early March, they are transplanted and kept alive 
without difficulty; but later, when the north winds begin and the days 
become longer and hotter, transplanting becomes increasingly difficult. 


OUTLINE OP BREEDING PROGRAM 

The onion-breeding program that most concerns the seedsmen is that 
of purifying stocks. With most varieties this consists, mainly, in elimi- 
nating colors, shapes, and other characters not true to the variety. 
With many other crops, the method is to self a large number of desirable 
plants, grow the progeny, discard the off types, and continue this process 



Fig 12. — Inbred lines and strains of onions are tested in single row plots, 
usually replicated tliree times 


until the progeny are uniform for the desired characters When continu- 
ous inbreeding is practiced witli the onion, however, a gradual Joss of 
vigor for a number of generations almost always results. This is the main 
disadvantage in attempting to purify onions by continuouvs inbreeding. 
Some inbreeding, however, is necessary if the most rajiid progress is to 
be made. Lost vigor can be regained by crossing inbred lines. 

The following plan, the result of our experiments to date, is sug- 
gested as the most suitable for the improvement and purification of 
onion varieties. Investigations now under way may later cause us to 
modify these recommendations somewhat. 






m 

FM Sel^t a large nmnber of commereial bulbs that approaeb 
the ideal for the variety. The larger the mmber, the greater the 
ehaoce of securing desirable liues. Plant for selfing. 

Second pmr: Self-pollinate. 

Third year: Grow progenies of each plant separately. Discard all lines 
that have a high percentage of olf-type bulbs. Betain 25 or 30 of 
the best lines, and plant for selling. These bulbs will probably be 
somewhat small, but size will be regained by crossing later on. 

Fourth year: Self -pollinate. 

Fifth year: Grow progenies of each plant separately. Discard all lines 
that are still segregating for important commercial characters. 
Ketain at least 10 lines ; from these select the best bulbs. It is neces- 
sary to retain a number of lines that have been derived from 
different bulbs at the first selection, because different lines must 
be crossed to regain the original vigor. 

Sixth year: Group all selections and plant in the field so that the maxi- 
mum amount of crossing will occur. Mass the seed. 

Seventh year: Sow the seed. When the crop is mature, select large bulbs 
possessing the desirable characteristics for the variety ; these result 
from desirable crosses. 

In after years, stocks are maintained by selecting desirable bulbs and 
massing. 
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